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Virginia  J.  Forrest,*  Yuan-Hsu  Kang,*  David  E.  McClain,^ 

Douglas  H.  Robinson,*  and  Narayani  Ramakrishnan^ 

*Naval  Medical  Research  Institute;  and  ^Armed  Forces  Radiobiology  Research  Institute,  Bethesda,  MD,  USA 
{Received  23  February  1993;  Revised  14  July  1993;  Re-revised  24  September  1993;  Accepted  5  October  1993) 


Abstract — ^The  ability  of  oxidative  stress  to  induce  apoptosis  (programmed  cell  death),  and  the  effect  of  Trolox,  a  water  soluble 
vitamin  E  analog,  on  this  induction  were  studied  in  vitro  in  mouse  thymocytes.  Cells  were  exposed  to  oxidative  stress  by  treating 
them  with  0.5-10  pM  hydrogen  peroxide  (H2O2)  for  10  min,  in  phosphate-buffered  saline  supplemented  with  0.1  mM  ferrous 
sulfate.  Cells  were  resuspended  in  RPMl  1640  medium  with  10%  serum  and  incubated  at  37°C  under  5%  CO2  in  air.  Electron 
microscopic  studies  revealed  morphological  changes  characteristic  of  apoptosis  in  H202-treated  cells.  H2O2  treatment  fragmented 
the  DNA  in  a  manner  typical  of  apoptotic  cells,  producing  a  ladder  pattern  of  200  base  pair  increments  upon  agarose  gel 
electrophoresis.  The  percentage  of  DNA  fragmentation  (determined  fluorome  trie  ally)  increased  with  increasing  doses  of  H2O2 
and  postexposure  incubation  times.  Pre-  or  posttreatment  of  cells  with  Trolox  reduced  H202-induced  DNA  fragmentation  to 
control  levels  and  below.  The  results  indicate  that  oxidative  stress  induces  apoptosis  in  thymocytes,  and  this  induction  can  be 
prevented  by  Trolox,  a  powerful  inhibitor  of  membrane  damage. 

Keywords — Apoptosis,  Oxidative  stress,  DNA  fragmentation,  Trolox,  Vitamin  E,  Hydrogen  peroxide.  Thymocytes,  Membrane 
damage.  Oxygen  free  radicals 


INTRODUCTION 

Cell  death  can  occur  by  either  apoptosis  or  necrosis. 
Cell  death  by  necrosis  occurs  due  to  severe  injurious 
changes  in  the  cell  environment.  Necrotic  death  is  char¬ 
acterized  by  a  generalized  breakdown  of  cellular  struc¬ 
ture  and  function  followed  by  cell  lysis  and  tissue  in¬ 
flammation.  Apoptosis,  on  the  other  hand,  appears  to 
be  an  active  process  of  cellular  self-destruction  involv¬ 
ing  a  series  of  cellular  events  that  require  active  cell 
participation  (e.g.,  macromolecular  synthesis  and  en¬ 
zyme  activation).  Apoptotic  death  is  characterized  by 
cell  shrinkage,  membrane  blebbing,  formation  of  apop¬ 
totic  bodies,  and  fragmentation  of  nuclear  DNA  into 
oligonucleosomal  subunits.  Apoptotic  bodies  are 
taken  up  and  degraded  by  adjacent  cells,  which  results 
in  cell  deletion  without  inflammation  of  surrounding 
tissue. 

Cell  death  via  apoptosis  occurs  under  a  variety  of 
physiological  conditions,  including  embryogenesis, 
metamorphosis,"^  cytotoxic  T-cell  mediated  killing  of 
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target  cells,^  and  death  of  autoreactive  thymocytes.^  It 
can  be  induced  in  normal  or  malignant  cells  of  lym¬ 
phatic  origin  by  ionizing  radiation,^"^  glucocorti¬ 
coids, and  by  calcium  ionophores.*^"^"^  Hydrogen 
peroxide  (H2O2)  has  recently  been  implicated  as  an 
active  ingredient  in  blastocoele  fluid-induced  pro¬ 
grammed  cell  death  in  situ  in  the  murine  blastocyst. 

The  fact  that  a  nonspecific  cytotoxic  agent  like  H2O2 
may  induce  apoptosis  suggests  that  other  agents  or 
conditions  that  cause  oxidative  stress  may  also  be  sus¬ 
pect.  Oxygen  free  radicals  appear  to  be  involved  in 
cellular  injury  caused  by  hyperoxygenation,  ischemia/ 
reperfusion,  inflammation,  ionizing  radiation  exposure, 
and  aging. Severe  oxidative  injury  produces  necrosis 
in  target  cells.  However,  it  is  possible  that  lower  levels 
of  oxidative  stress  may  induce  death  by  apoptosis. 

In  this  study,  we  investigated  whether  oxidative 
stress  produced  by  treatment  with  H2O2  can  induce 
apoptotic  death  in  mouse  thymocytes.  We  also  studied 
the  protective  effects  of  Trolox  in  thymocytes  exposed 
to  H2O2.  Trolox  is  a  water-soluble  analog  of  vitamin 
E  and  is  a  powerful  antioxidant. It  has  been  shown 
to  protect  mammalian  cells  from  oxidative  damage 
both  in  vivo^^’^^  and  in  vitro. 
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MATERIALS  AND  METHODS 


Tissue  culture  medium  (TCM) 

RPMI  1640  medium  was  supplemented  with  25  mM 
HEPES  buffer,  2  mM  L-glutamine,  55  2-mercapto- 
ethanol,  100  U/ml  penicillin,  100  yi/g/ml  streptomycin, 
0.25  yixg/ml  amphotericin  B,  and  10%  heat-inactivated 
fetal  calf  serum. 

Thymocyte  isolation 

CD2F1  male  mice,  6  to  7  weeks  old,  were  euthan¬ 
ized  with  CO2.  The  thymuses  were  removed  asep- 
tically  and  rinsed  in  TCM.  Single-cell  suspensions 
were  prepared  by  pressing  the  thymuses  through  wire 
mesh  screens  followed  by  passage  through  a  25-gauge 
needle.  The  cell  suspensions  were  washed  once  with 
TCM  and  resuspended  in  TCM.  These  concentrated 
cell  suspensions  were  counted  with  a  coulter  counter 
and  placed  on  ice  until  exposed  to  H2O2,  30  to  60  min 
later. 

Hydrogen  peroxide  exposure 

Cells  were  resuspended  in  phosphate-buffered  sa¬ 
line  (PBS)  supplemented  with  0.1  mM  ferrous  sulfate 
at  a  concentration  of  2  X  10^  cells/ml.  The  cells  were 
treated  with  0.5-10  pM  H2O2  and  incubated  for  10 
min  at  37°C  under  an  atmosphere  of  5%  CO2  in  air.  The 
control  cells  were  incubated  under  the  same  conditions 
without  H2O2.  Following  10  min  of  incubation,  cata¬ 
lase  (100  U/ml)  was  added  to  all  the  samples,  and  the 
cells  were  immediately  centrifuged  at  200  X  g  for  10 
min.  The  cells  were  resuspended  in  fresh  TCM  and 
returned  to  the  incubator.  All  exposures  and  incuba¬ 
tions  were  performed  with  2  ml  cell  suspensions  in  15 
ml  sterile  disposable  tubes. 

Hydrogen  peroxide  is  known  to  produce  hydroxyl 
ions  and  hydroxyl  radicals  by  the  Fenton  reaction  in 
the  presence  of  iron.  The  medium  was  supplemented 
with  ferrous  sulfate  so  that  the  concentration  of  iron 
would  not  be  a  limiting  factor  in  the  oxidative  expo¬ 
sures.  Unpublished  results  from  our  laboratory  indicate 
that  the  addition  of  ferrous  sulfate  to  PBS  does  not 
induce  DNA  fragmentation.  Likewise,  the  addition  of 
ferrous  sulfate  to  the  hydrogen  peroxide  exposures  had 
no  additive  effect  on  fragmentation. 

Trolox  treatment 

Trolox  (6-hydroxyl-2,5,7,8-tetramethylchroman-2- 
carboxylic  acid)  (Hoffman-LaRoche,  Nutley,  NJ)  is  a 


water-soluble  analog  of  a-tocopherol  (vitamin  E). 
Stock  solutions  of  Trolox  (100  mM)  were  prepared  in 
1  M  sodium  bicarbonate,  due  to  its  poor  solubility  in 
water  above  1.8  mM.  The  pH  of  the  stock  was  adjusted 
to  7.0  with  1  N  HCl,  and  the  stock  was  diluted  to 
working  concentrations  with  medium.  Thymocytes 
were  treated  with  Trolox  (10  mM)  before,  during,  or 
after  10  min  exposure  to  10  pM  H2O2.  Trolox  incuba¬ 
tions  that  were  conducted  before  or  after  H2O2  expo¬ 
sures  were  performed  in  TCM.  Trolox  treatments  that 
were  administered  concurrently  with  H2O2  were  per¬ 
formed  in  PBS  with  ferrous  sulfate. 

DNA  fragmentation  assay 

Cells  were  harvested  at  various  times  postexposure 
by  centrifugation  at  200  X  g  for  10  min.  The  cells 
were  lysed  with  0.2  ml  ice-cold  hypotonic  lysing  buffer 
(10  mM  tris-HCl,  pH  7.5,  1  mM  ethylenediaminetetra- 
acetic  acid  [EDTA],  0.2%  Triton  X-100)  and  centri¬ 
fuged  at  13,000  X  g  for  20  min  to  separate  intact  from 
fragmented  DNA.  The  supernatant  was  transferred  to 
a  separate  tube  and  0.2  ml  lysing  buffer  was  added  to 
the  pellet  and  sonicated  for  10  s.  The  amount  of  DNA 
in  the  supernatant  and  pellet  fractions  was  determined 
by  an  automated  fluorometric  method  using  Hoechst 
33258  fluorochrome  as  described  by  Ramakrishnan 
and  Catravas.^*  The  percentage  of  DNA  fragmentation 
refers  to  the  ratio  of  DNA  in  the  supernatant  to  the 
total  DNA  in  the  pellet  and  supernatant. 

DNA  fragmentation  pattern 

Agarose  gel  electrophoresis  was  performed  to  deter¬ 
mine  the  pattern  of  fragmentation  produced  by  H2O2 . 
Thymocytes  were  lysed  in  lysing  buffer  and  incubated 
with  proteinase  K  (50  pglmY)  at  37°C  for  30-45  min. 
The  DNA  was  sequentially  extracted  with  equal  vol¬ 
umes  of  phenol/chloroform/isoamyl  alcohol  (25:24:1). 
The  DNA  in  the  aqueous  phase  was  precipitated  by 
adding  an  equal  volume  of  100%  ethanol  and  main¬ 
tained  at  — 20®C  overnight.  DNA  was  collected  by  cen¬ 
trifugation  at  13,000  X  g  for  20  min,  air-dried,  and 
resuspended  in  TBE  buffer  (90  mM  Tris,  90  mM  boric 
acid,  and  2  mM  EDTA,  pH  8.0).  Horizontal  electro¬ 
phoresis  was  performed  for  2  h  at  100  volts  in  a  0.75% 
agarose  gel  with  TBE  buffer.  Equal  quantities  of  DNA 
(determined  by  Hoechst  33258  fluorescence)  were 
loaded  in  each  lane.  The  gels  were  stained  with  ethid- 
ium  bromide  and  photographed  by  UV  transillumina¬ 
tion.  Photographic  negatives  of  the  stained  gels  were 
scanned  and  quantified  using  a  scanning  laser  densi¬ 
tometer  and  associated  software  (Molecular  Dynamics 
Model  300B). 
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Table  1  A.  Effect  of  Trolox  Pretreatment  on  DNA 
Fragmentation  Induced  by  10  H2O2 


Pretreatment 

Treatment 

DNA  Fragmentation 

Duration  of 

Pre  treatment 

1  h  2  h 

Medium 

H2O2 

32.22% 

(±  1.65) 

31.58% 
(±  2.60) 

Trolox 

H2O2 

21.41% 

(±  1.62) 

20.12% 
(±  1.38) 

Medium 

PBS 

21.23% 

(±  0.63) 

18.03% 
(±  1.08) 

Trolox 

PBS 

22.50% 

(±  1.28) 

21.43% 
(±  0.98) 

Row  1 :  cells  were  preincubated  in  TCM  without  Tro¬ 
lox  1  or  2  h  before  H2O2  exposure  (n  =  12).  Row  2:  cells 
were  preincubated  in  TCM  plus  Trolox  for  1  or  2  h  before 
H2O2  exposure  (n  =  12).  Row  3:  cells  were  preincubated 
in  TCM  without  Trolox  for  1  or  2  h  before  PBS  exposure 
{n  =  8).  Row  4:  cells  were  preincubated  in  TCM  plus 
Trolox  for  1  or  2  h  before  PBS  exposure  (n  =  8).  After 
the  exposure  regimens,  cells  were  resuspended  and  incu¬ 
bated  in  TCM  without  Trolox.  Fragmentation  analyses 
were  performed  6  h  later.  Data  are  pooled  from  three 
experiments  (mean  ±  SEM). 

Electron  microscopy 

Five  h  after  a  10-min  exposure  to  10  pM  H2O2,  the 
cells  were  fixed  in  2%  glutaraldehyde  and  1%  para¬ 
formaldehyde  in  0. 1  M  sodium  cacodylate  buffer  (pH 
7.2)  for  1  h  on  ice.  The  fixed  cells  were  centrifuged 
at  200  X  g  for  12  min,  and  the  cell  pellet  was  gently 
washed  three  times  with  0.1  M  sodium  cacodylate 
buffer  and  placed  in  a  refrigerator  overnight.  Cells 
were  postfixed  in  1%  osmium  tetroxide  in  0.1  M  so¬ 
dium  cacodylate  buffer  at  room  temperature  for  1  h. 
Cells  were  dehydrated  in  a  series  of  graded  ethanol 
solutions  and  embedded  in  Epon  (Poly/Bed;  Polysci¬ 
ences).  Pale  gold  ultra- thin  sections,  prepared  with  a 
diamond  knife,  were  stained  with  uranyl  acetate  and 
lead  citrate.  Cells  were  examined  in  a  JEOL  100  CX 
n  transmission  electron  microscope. 

Statistics 

DNA  fragmentation  data  was  analyzed  for  statistical 
significance  using  either  an  unpaired  Student’s  f-test 
(Table  1,  p  <  .05)  or  an  F-test  for  equal  means  fol¬ 
lowed  by  Duncan’s  method  (Figs.  3,  4,  5 A  and  6;  p 
<  .05). 

Materials 

RPMI  1640  medium,  2-mercaptoethanol,  and  the 
antibiotic  mixture  were  purchased  from  GIB  CO,  Grand 


Table  IB.  Effect  of  Trolox  Concurrent 
Treatment  on  DNA  Fragmentation 
Induced  by  10  ^M  H2O2 


Concurrent  Treatment 

DNA  Fragmentation 

H2O2  without  Trolox 

38.11% 

(±  0.83) 

H2O2  with  Trolox 

35.41% 

(±  1.51) 

PBS  without  Trolox 

23.77% 

(±  0.77) 

Row  1:  cells  received  H2O2  without  Trolox. 
Row  2:  cells  received  Trolox  simultaneously  with 
H2O2.  Row  3:  cells  received  PBS  without  Trolox. 
Following  the  exposure  scenarios,  cells  were  re¬ 
suspended  and  incubated  in  TCM  without  Trolox. 
Fragmentation  analyses  were  performed  6  h  later. 
Data  are  pooled  from  three  experiments  (mean  ± 
SEM,  n  =  12). 


Island,  NY;  FCS  was  obtained  from  Hyclone  Labora¬ 
tories,  Logan,  UT;  Hoechst  33258  fluorochrome  was 
purchased  from  Calbiochem-Behring,  La  Jolla,  CA; 
Trolox  was  a  gift  from  Hoffman-LaRoche,  Nutley,  NJ. 

RESULTS 

The  nature  of  cell  death  in  thymocytes  following 
H2O2  exposure  was  characterized  by  electron  micros¬ 
copy  and  agarose  gel  electrophoresis  of  DNA.  Typical 
electron  micrographs  of  H202-treated  thymocytes, 
fixed  5  h  after  exposure,  appear  in  Figure  1.  In  each 
of  the  frames  in  Figure  1,  the  cytoplasm  and  nuclear 
chromatin  have  become  condensed,  a  typical  apoptotic 
phenomenon.^  During  apoptosis,  the  chromatin  forms 
dense  aggregates  along  the  nuclear  membrane.^  If  the 
cell  has  been  sliced  through  the  nucleus,  the  aggregates 
may  appear  crescent- shaped  against  the  membrane  as 
in  Figure  lA  and  IB.  However,  if  the  cell  is  sliced 
near  the  edge  of  the  nucleus,  the  entire  nucleus  may 
have  the  appearance  of  dense  chromatin  as  in  Figure 
1C  and  ID.  The  chromatin  aggregation  that  occurs 
during  apoptosis  is  unlike  the  flocculation  of  chromatin 
exhibited  during  necrosis.^  Invaginations  in  the  nuclear 
membrane  occur  as  in  Figure  lA  and  IB,  which  will 
ultimately  break  the  nucleus  into  smaller  pieces  as  seen 
in  Figure  IB  and  ID.  The  plasma  membrane  becomes 
convoluted  (Fig.  IB),  an  event  preceding  the  formation 
of  apoptotic  bodies.  The  electron  micrograph  in  Figure 
1C  illustrates  the  extrusion  of  an  apoptotic  body.  The 
morphological  changes  seen  here  (chromatin  aggrega¬ 
tion,  condensation  of  the  nucleus  and  cytoplasm,  con¬ 
volution  of  the  nuclear  and  plasma  membrane)  are  in¬ 
dicative  of  apoptosis. 
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Fig.  1.  Morphological  features  of  apopiosis  in  thymocytes  induced  by  10  ^M  H2O2.  Thyrr.ocytes  exposed  to  10  fiM  H2O3  for 
10  min  were  resuspended  in  “'resh  TCM  and  incubated  for  5  h  at  3TC  under  an  atmosphere  of  5^  CO^  in  air.  The  cells  were 
fixed  and  analyzed  by  electron  micro >^opy  as  described  in  the  Materials  and  Methods  sect  on  Frame  A  Cell  in  early  stage  of 
apoptosis  shows  condensation  of  chromatin  anc  nucleoplasm  (Nu),  condensation  of  cytoplasm,  and  cytoplasmic  vacuolization 
(v).  The  condensed  chromatir  farms  aggregates  along  the  nuclear  membrane.  Small  arrows  indicate  close  apposition  of  plasma 
membrane  to  nuclear  membrane.  Arrrwnead  points  to  the  area  where  cytoplasm  is  lost.  F'amc  B:  Condensation  of  chromatin 
and  nucleoplasm  (Nu)  is  demonstrated  m  an  apoptotic  cell.  Chromatin  has  aggregated  against  :he  nuclear  membrane.  Mitochondria 
(m)  appear  normal.  Arrowhead  indicates  the  close  association  of  the  plasma  membrane  v  ith  nuclear  membrane.  The  plasma 
membrane  becomes  convoluxd  durin=  ;he  formation  of  apoptotic  bodies.  Frame  C:  This  la.e  apoptotic  cell  with  condensed 
chromatin  (Nu)  appears  to  be  extrudin-  an  apoptotic  body.  Frame  D:  A  late  apoptotic  cell  contains  .severe  1  pieces  of  the  nucleus 
that  will  be  extruded  into  apcptotic  bodies. 


Apoptosis  was  verified  by  agarose  gel  electrophore¬ 
sis  of  DNA  (Fig.  2A  and  2B)  The  DN A  iso.ated  from 
H202-treated  thymocytes  exhibited  a  ladder  pattern  of 
DNA  fragments  with  size  multiples  of  200  base  pair 
units,  as  illustrated  in  lane  C  of  Figure  2A.  This  type 
of  DNA  fragmentation  into  oligonuclecsomal  subunits 
is  typical  of  apoptotic  death  and  differe  from  the 
random  DNA  breakdown  that  occurs  during  necrosis.' 
Figure  2B  shows  densitometrx  prohxs  of  the  distribu¬ 
tion  of  DNA  in  samples  from  untreated  and  H2O2- 
treated  cells  derived  from  the  photcgraphic  negatives 
of  the  gel  in  Figure  2A.  The  inset  tfible  compares  se¬ 
lected  regions  of  the  profiles  There  is  apparent  a  gen¬ 
eral  shift  in  density  from  regions  of  high  to  low  molec¬ 


ular  weight  in  the  treated  cef  lane.  The  treated  cells 
also  demonstrate  an  increase  in  the  DNA  contained  in 
intemucleosomal  bands.  T"he  four  peaks  indicated  in 
the  profile  of  H202-treated  cells  are  each  nearly  twice 
as  large  as  the  analogous  peaks  in  the  untreated  cell 
lane  (expressed  as  a  percentage  of  the  total  density 
area  of  the  respective  profile).  Even  though  equal 
amounts  of  sample  DNA  were  loaded  in  each  lane,  the 
total  density  areas  differ.  This  is  probably  a  reflection 
of  the  general  difficulty  in  obtaining  good  quantitation 
from  photographic  negatives 

Quantitative  measurements  of  DNA  fragmentation 
were  performed  using  a  fluoiometric  method,  as  de¬ 
scribed  in  the  Materials  and  Methods  section.  The  ki- 
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Fig.  2.  (A)  Agarose  gel  electrophoresis  of  DNA.  Thymocytes  exposed  to  either  PBS  (control)  or  10  fiM  H2O2  for  10  min  were 
resuspended  in  fresh  TCM  and  incubated  at  3TC  under  an  atmosphere  of  5%  CO2  in  air.  DNA  was  isolated  from  thymocytes 
after  5  h  of  incuhaiion  and  analyzed  by  agarose  gel  electrophoresis.  Lane  A:  1-kb  DNA  marker,  Lane  B:  PBS  Control,  Lane  C: 
H2O2.  (B)  Dens itD metric  profiles  of  Lanes  B  and  C.  Photographic  negatives  were  scanned  and  quantified  with  a  scanning  laser 
densitometer  and  associated  SDftware. 


netics  of  DNA  fragoentation  in  thymocytes  exposed 
to  0,  5,  and  10  fjM  H2O2  for  10  min  is  shown  in  Figure 
3.  The  DNA  fragmeniation  was  negligible  immediately 
after  H2O2  exposure  (8%  at  0  h).  The  extent  of  DNA 
fragmentation  significantly  increased  with  postexpo¬ 
sure  incubation  time  for  each  of  the  treatment  groups. 
By  8  h  postexposure,  42%  of  the  DNA  in  10  fiM  H2O2- 
exposed  thymocytes  had  become  fragmented.  This  was 
significantly  greater  than  the  DNA  fragmentation  ex¬ 
hibited  by  thymocytes  exposed  to  0  or  5  //M  H2O2. 
The  results  indicate  ihat  H202-induced  DNA  fragmen¬ 
tation  is  a  delayed  re.;ponse. 

The  effect  of  H2O2  concentration  on  DNA  fragmen¬ 
tation  was  examinee  by  treating  thymocytes  with  0- 
10  //M  H2O2  for  10  min  and  comparmg  the  percentages 
of  fragmented  DNA  8  h  later  (see  Fig.  4).  Thymocytes 
exposed  to  0  //M  H2O2  (PBS  controls)  exhibited  26% 
fragmentation  8  h  posiexposure.  The  three  lowest  con¬ 
centrations  of  H2O2  did  not  produce  fragmentation  sig¬ 
nificantly  greater  than  the  PBS  control.  The  data  in 
Figure  4  indicate  that  exposure  to  higher  concentra¬ 
tions,  for  the  same  duration,  progressively  increased 
the  percentage  of  DNA  fragmentation  in  the  thymo¬ 


cytes.  The  5  fiM  H2O2  group  contained  35%  DNA 
fragmentation  that  was  significantly  different  from  the 
0,  0.5,  1,  and  10  fiM  H2O2  treatment  groups.  Treatment 
with  10  fiM  H2O2  produced  42%  fragmentation,  which 
was  significantly  different  from  all  other  groups  (Dun¬ 
can’s  method,  p  <  .05).  These  results  in  Figure  4 
demonstrate  that  H202-induced  DNA  fragmentation  is 
dose-dependent.  The  time-course  display  of  various 
doses  in  the  previous  figure  (Fig.  3)  also  suggests  that 
H202-induced  DNA  fragmentation  is  dose-dependent. 

The  effect  of  Trolox  (10  mM)  on  H202-induced 
DNA  fragmentation  is  shown  in  Figure  5A.  Thymo¬ 
cytes  were  exposed  to  either  10  pM  H2O2  or  PBS  alone 
(controls)  for  10  min,  and  then  incubated  in  TCM  with 
or  without  Trolox  under  the  conditions  described  in 
the  Materials  and  Methods  section.  At  selected  times, 
DNA  fragmentation  was  determined  and  statistical 
analyses  were  conducted  using  Duncan’s  method  (p 
<  .05).  The  results  indicate  that  Trolox  reduced  the 
DNA  fragmentation  caused  by  H2O2  to  less  than  con¬ 
trol  levels.  At  the  2-,  4-,  and  8-h  time  points,  the  H2O2 
group  was  significantly  greater  than  the  PBS  controls, 
and  both  the  H2O2  and  PBS  groups  were  greater  than 
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Fig.  3-  DNA  fragmentation  increases  with  postexposure  incubation  time.  Thymocytes  exposed  to  0,  5,  and  10  H2O2  for  10 
min  were  incubated  in  fresh  TCM  under  the  conditions  described  in  Figure  1.  The  percentage  of  DNA  fragmentation  in  the 
thymocytes  was  determined  at  various  times  postexposure,  as  described  in  the  Materials  and  Methods  sect.  (•)  10  //M  H2O2. 
Data  are  pooled  from  four  experiments  (Mean  ±  SEM,  /i  =  6  to  8).  (A)  5  ^M  H2O2,  (O)  PBS  Control,  (n  =  3). 


the  H202/Trolox  group.  The  effect  of  Trolox  was  most 
evident  at  the  8-h  time  point,  where  H202-treated  thy¬ 
mocytes  incubated  without  Trolox  contained  45%  frag¬ 
mented  DNA,  whereas  those  incubated  with  Trolox 
contained  only  15%.  The  PBS  control  groups 
incubated  with  or  without  Trolox  were  not  signifi¬ 
cantly  different  from  each  other  at  the  4-  or  8-h  time 
points. 

Trolox  inhibition  of  DNA  fragmentation  was  further 
illustrated  using  agarose  gel  electrophoresis  (see  Fig. 
5B).  DNA  isolated  from  H202-exposed  thymocytes  ex¬ 
hibited  fragmentation  patterns  indicative  of  apoptosis 
(lane  D).  The  DNA  isolated  from  PBS  control  thymo¬ 
cytes  contained  a  small  amount  of  fragmented  DNA 


Fig.  4.  DNA  fragmentation  increases  with  concentration  of  H2O2. 
Thymocytes  were  exposed  to  H2O2  for  10  min,  at  concentrations 
ranging  from  0  to  10  ^M.  Thymocytes  were  incubated  in  TCM  for 
8  h  and  analyzed  for  DNA  fragmentation.  Data  are  pooled  from  four 
experiments  (Mean  ±  SEM,  w  =  6  to  8). 


(lane  B).  However,  DNA  isolated  from  H2O2  or  PBS- 
exposed  thymocytes  that  received  Trolox  posttreat¬ 
ment  was  unfragmented  (lanes  E  and  C,  respectively). 

Additional  studies  were  carried  out  to  determine  the 
effect  of  duration  of  Trolox  (postexposure)  on  inhibi¬ 
tion  of  DNA  fragmentation.  In  these  studies,  Trolox 
was  removed  from  H202-treated  thymocytes  at  speci¬ 
fied  times,  and  the  cells  were  incubated  in  medium 
without  Trolox  for  the  remainder  of  the  8-h  period.  The 
results  presented  in  Figure  6  indicate  that  inhibition  of 
H202-induced  DNA  fragmentation  is  dependent  upon 
the  exposure  duration  of  Trolox.  Thirty  min  of  Trolox 
treatment  was  not  sufficient  to  inhibit  the  effects  of 
H2O2.  However,  Trolox  treatments  of  1  h  or  more 
resulted  in  significant  inhibition  of  H202-induced  DNA 
fragmentation.  Maximum  inhibition  was  produced  by 
Trolox  treatment  regimens  of  2  or  more  h.  Increasing 
the  duration  of  Trolox  treatment  beyond  2  h  did  not 
significantly  increase  the  effectiveness  of  Trolox  (Dun¬ 
can’s  method,  p  <  .05). 

The  ability  of  Trolox  to  protect  against  oxidative- 
induced  DNA  fragmentation,  when  administered  prior 
to  an  oxidative  insult,  was  tested  by  pretreating  thymo¬ 
cytes  for  1  or  2  h  with  Trolox  before  H2O2  exposure. 
Thymocytes  that  did  not  receive  Trolox  during  the 
pretreatment  period  exhibited  32%  DNA  fragmenta¬ 
tion  6  h  after  H2O2  exposure  (row  1,  Table  lA).  This 
was  significantly  greater  than  the  21  and  20%  DNA 
fragmentation  found  in  thymocytes  that  were  pre¬ 
treated  with  Trolox  for  1  and  2  h,  respectively,  before 
H2O2  (row  2,  Table  lA)  (Student’s  f-test,  p  <  .05). 
The  percentage  of  DNA  fragmentation  present  in  thy¬ 
mocytes  that  were  pretreated  with  Trolox,  then  ex- 
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Fig.  5.  (A)  Postexposure  treatment  with  Trolox  inhibits  H202-induced  DNA  fragmentation.  Thymocytes  were  exposec  tc  eidier 
10  /iM  H2O2  or  PBS  (controls)  for  10  min,  then  resuspended  in  TCM  with  or  without  Trolox  (10  mM)  and  incubated  under  the 
conditions  mentioned  in  Figure  1.  DNA  fragmentation  was  measured  at  indicated  times.  (•)  H2O2,  (O)  PBS,  (A>  H2O2  then 
Trolox,  (A)  PBS  then  Trolox.  Results  are  pooled  from  three  experiments  (Mean  ±  SEM,  n  =  5).  (B)  Agarose  gel  elecTophoresis. 
Lane  A:  1-kb  marker  DNA,  Lane  B:  PBS  Control,  Lane  C:  PBS  Control  fo.^owed  by  Trolox,  Lane  D:  H2O2,  La.ne  E:  H2O2 
followed  by  Trolox. 


posed  to  H2O2,  was  similar  to  that  found  in  the  Media/ 
PBS  control  and  the  Trolox/PBS  control  groups  (com¬ 
pare  row  2  with  rows  3  and  4).  This  indicates  that 
pretreatment  of  thymocytes  with  Trolox  1  or  2  h  prior 
to  H2O2  exposure  does  have  a  protective  effect  against 
DNA  fragmentation. 

The  ability  of  Trolox  to  protect  against  oxidative- 
induced  DNA  fragmentation,  when  administered  con¬ 
currently  with  an  oxidative  insult,  was  tested  by 
exposing  thymocytes  to  Trolox  and  H2O2  simultane¬ 
ously  for  10  min.  As  illustrated  in  Table  IB,  exposure 
to  H2O2  without  Trolox  produced  38%  fragmentation 
6  h  later  (row  1,  Table  IB).  Exposure  to  H2O2  and 
Trolox  at  the  same  time  produced  35%  fragmentation 
after  6  h  (row  2).  These  levels  of  fragmentation  were 
not  significantly  different  from  each  other,  but  both  of 
these  were  significantly  different  from  the  24%  frag¬ 
mentation  found  in  the  control  group  that  was  treated 
with  PBS  without  Trolox  (row  3)  (Student’s  r-test,  p 
<  .05).  The  results  in  Table  IB  indicate  that  Trolox 
provided  no  protection  when  administered  concur¬ 
rently  with  H2O2. 


DISCUSSION 

Morphological  and  biochemical  evidence  indicate 
that  apoptosis  is  induced  by  oxidative  stress  produced 
by  H2O2  rjeatment.  Electron  microscopy  revealed  cel¬ 
lular  morphological  changes  character  Stic  of  apoptosis 
(Fig.  1).  These  changes  were  accompanied  by  intemu- 
cleosomal  fragmentation  of  DNA,  qualitadvely  dem¬ 
onstrated  by  a  DNA  ladder  pattern  produced  by  aga¬ 
rose  gel  electrophoresis  (Fig.  2A  and  ^B).  Quantitative 
fluorometric  DNA  analyses  demonstrated  an  increase 
in  percer:  DNA  fragmentation  in  H202-treated  groups, 
which  was  both  concentration-dependant  (Figs.  3  and 
4)  and  time-dependent  (Figs.  3  and  5A).  The  percent 
DNA  fragmentation  in  the  H2O2  groups  was  signifi¬ 
cantly  greater  than  PBS  controls  at  the  4-  and  8-h 
time  points.  These  results  clearly  establish  apoptosis 
as  determined  by  the  criteria  set  fonh  by  Collins  et 
al.,^  which  emphasizes  the  need  for  both  morphological 
and  biochemical  indices. 

It  is  net  known  whether  the  H2O2  treatment  is  accel¬ 
erating  a  preexisting  condition  leading  to  spontaneous 
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Fig.  6.  Trolox  inhibition  of  D'-IA  fidgmentation  depends  upon  expo¬ 
sure  duration.  Thymocytes  vere  treated  with  10  //M  H2O2  for  10 
min,  then  resuspendec  in  TQ4  w  h  10  mM  Trolox  and  incubated 
under  the  conditions  nent  oned  in  Figure  1.  At  the  times  indicated, 
Trolox  was  removed  by  cer  rifugation  and  the  cells  were  resus¬ 
pended  in  Trolox-freeTCr/.  7he  percentage  of  DNA  fragmentation 
was  determined  in  all  of  tne  trealrr.ent  groups  8  h  after  the  H2O2 
exposure.  Data  are  pooled  fiom  Wo  experiments  (Mean  ±  SEM, 
n  =  8). 


apoptosis,  or  if  the  is  inducing  an  apoptotic  event 
that  is  distinctly  different.  DNA  fragmentation  in  the 
controls  was  neg  igible  at  J  h,  but  increased  to  19- 
26%  by  8  h,  as  illu^tnited  in  Figures  3,  4,  and  5A. 
These  levels  are  consisient  with  in  vitro  experiments 
reported  by  others.^  ft  has  been  suggested  by  Sellins 
and  Cohen^  that  bac’cground  levels  of  20-25%  frag¬ 
mentation  are  probably  related  to  suboptimal  culture 
conditions  and  pieexrs'.ng  in  vivo)  influences,  e.g., 
exposure  to  glucoconicnids  Our  results  suggest  an  al¬ 
ternative  theory  tnat  DNA  fragmentation  in  the  con¬ 
trols  may  be  due  to  oxidati^^e  stress  received  by  the 
cells  after  they  are  removed  from  the  animals.  Cells 
maintained  at  20-21  %  oxygen  in  vitro  are  exposed  to 
much  higher  p02  levels  than  found  in  the  body.  This 
theory  could  be  investigatec  by  isolating  and  treating 
the  thymocytes  at  3%  oxyg^i. 

The  time  delay  of  DNA  fragmentation  (Fig.  3)  fol¬ 
lowing  oxidative  insult  suggests  that  the  DNA  frag¬ 
mentation  is  not  due  10  a  direct  interaction  of  oxygen 
free  radicals  with  DNA.  It  is  more  consistent  with  the 
process  of  apoptosis,  whicn  is  thought  to  include  a 
series  of  “programmec”  e^^ents  leading  up  to  DNA 
fragmentation  and  su.cide  ceath.^^  We  conclude  that 


the  low  doses  of  H2O2  utilized  here  cause  DNA  frag¬ 
mentation  indirectly  by  initiating  the  series  of  events 
of  apoptosis. 

Activation  of  a  calcium-  and  magnesium-dependent 
endonuclease  is  thought  to  be  responsible  for  the  DNA 
fragmentation  that  occurs  during  apoptosis. “  Elevation 
of  intracellular  calcium  may  be  involved  in  this  activa¬ 
tion.  Cytosolic  calcium  has  been  shown  to  increase 
during  apoptosis  in  thymocytes,*^  and  it  is  known  that 
calcium  ionophores  induce  apoptosis,*^" *"*  whereas  cal¬ 
cium  chelators  inhibit  it.^^ 

A  review  of  the  literature  indicates  that  the  mecha¬ 
nism  by  which  calcium  is  elevated  in  apoptotic  cells 
has  not  been  determined.  It  is  possible  that  oxidative 
stress  interferes  with  calcium  homeostasis  by  causing 
damage  to  biological  membranes.  Oxygen  free  radicals 
react  with  polyunsaturated  fatty  acids  (PUFA)  of  mem¬ 
brane  lipids,  initiating  self-propagating  lipid  peroxida¬ 
tion  reactions. Lipid -lipid  covalent  bonds  that  are 
formed  during  chain  termination  reactions  affect  the 
fine  structure  of  the  membranes  that  can  result  in  per¬ 
meability  changes.^"*  Free  radicals  derived  from  PUFA 
can  inactivate  membrane  proteins  by  causing  disulfide 
bridges,  protein-lipid,  and  protein -protein  covalent 
bonds. Alteration  of  membrane  permeability  or  inac¬ 
tivation  of  calcium  pumps  within  the  membrane  could 
interfere  with  calcium  homeostasis  within  cells. 

The  possibility  that  biological  membranes  are  criti¬ 
cal  targets  in  oxidative  stress-induced  apoptosis  is  sup¬ 
ported  by  the  work  performed  with  Trolox,  a  water- 
soluble  vitamin  E  analog.  Trolox  is  a  powerful  inhibi¬ 
tor  of  membrane  damage  and  has  been  shown  to  protect 
mammalian  cells  from  oxidative  damage  both  in 
vivo*^’*^  and  in  vitro. Trolox  has  been  shown  to  be 
eight  times  more  efficient  than  vitamin  E  in  trapping 
peroxyl  radicals  in  sodium  dodecyl  sulfate  (SDS)  mi- 
celles^^  and  has  been  demonstrated  to  reduce  the  level 
of  phospholipid  conjugated  dienes  in  hepatocytes  ex¬ 
posed  to  oxyradicals.^® 

The  results  presented  here  demonstrate  that  treat¬ 
ment  with  Trolox  either  before  or  after  exposure  to 
oxidative  stress  blocks  the  DNA  fragmentation  that 
accompanies  apoptosis  in  thymocytes.  We  did  not  find 
it  necessary  for  Trolox  to  be  present  continuously  for 
it  to  produce  its  effect.  For  example,  thymocytes  incu¬ 
bated  with  Trolox  for  2  h  after  H2O2  treatment  were 
protected  as  much  as  thymocytes  treated  for  8  h  (Fig. 
6).  Trolox,  by  protecting  the  biological  membranes  and 
presumably  calcium  homeostasis,  may  be  precluding 
an  initiating  event  in  apoptosis.  These  results  are  con¬ 
sistent  with  our  theory  that  the  H202-induced  DNA 
fragmentation  is  not  due  to  a  direct  interaction  of  oxy¬ 
gen  free  radicals  with  DNA,  but  is  instead  a  delayed 
effect  in  a  series  of  programmed  events  of  apoptosis. 
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It  appears  that  oxidative  induction  of  early  event(s)  in 
apoptosis  is  reflected  in  the  characteristic  DNA  frag¬ 
mentation  several  hours  later.  Similarly,  protection 
against  the  initiating  event(s)  of  apoptosis  by  Trolox  is 
reflected  in  a  decreased  amount  of  DNA  fragmentation 
several  hours  later.  This  rationale  may  also  explain 
why  Trolox  pretreatment  has  a  protective  effect  that 
is  evidenced  6  h  later,  even  though  this  water  soluble 
compound  would  have  diffused  out  of  the  cells  during 
the  6  h  posttreatment  period.  The  protective  action  of 
Trolox  may  actually  be  occurring  during  or  shortly 
after  hydrogen  peroxide  exposure,  but  a  suitable  lag 
time  must  be  given  (e.g.,  4-8  h)  to  enable  differences 
in  DNA  fragmentation  to  become  apparent. 

Trolox  administered  concurrently  with  H2O2  was 
not  protective  against  DNA  fragmentation.  However, 
this  lack  of  protection  may  have  been  due  to  an  inade¬ 
quate  exposure  duration.  The  concurrent  treatment, 
which  lasted  only  10  min,  may  not  have  allowed  suffi¬ 
cient  diffusion  of  Trolox  into  the  thymocytes.  This 
suggests  that  the  effectiveness  of  Trolox  in  this  study 
was  due  to  its  ability  to  terminate  self-propagating  lipid 
peroxidation  reactions  within  the  membranes,  rather 
than  the  quenching  of  free  radicals  within  the  exposure 
medium. 

Oxidative  induction  of  apoptosis  has  implications 
for  a  variety  of  medical  conditions.  Oxygen  free  radi¬ 
cals  have  been  reported  to  be  associated  with  aging, 
hyperoxygenation,  ischemia/reperfusion  injury,  in¬ 
flammatory  disorders,  ionizing  radiation  exposure,  and 
circulatory  shock. We  have  demonstrated  here  that 
oxidative  stress  produced  by  hydrogen  peroxide  treat¬ 
ment  induces  apoptosis  in  mouse  thymocytes  in  vitro 
and  that  Trolox  protects  against  this.  Hydrogen  perox¬ 
ide  also  has  been  reported  to  induce  apoptosis  in  the 
murine  blastocyst*^  and  the  human  promyelocytic  leu¬ 
kemia  HL-60  cell  line.^^  Apoptosis  occurring  in  vivo 
in  response  to  various  other  stimuli,  has  been  demon¬ 
strated  in  a  variety  of  tissues,  including  muscle,^^  pros¬ 
tate,^®  liver,^^  intestinal  crypt  cells,^**  and  brain.^*  Fur¬ 
ther  investigations  are  needed  to  examine  the  mecha¬ 
nisms  by  which  oxidative  stress  induces  apoptosis  and 
to  identify  the  types  of  tissues  affected. 
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Nucleoplasmin  is  a  thermostable  karyophilic  protein 
widely  used  in  nuclear  transport  studies.  An  expres¬ 
sion  vector  was  constructed  that  contains  a  string  of 
10  histidine  residues  ligated,  in  frame,  to  the  amino 
terminal  end  of  the  Xenopus  nucleoplasmin  gene.  The 
vector  was  then  transformed  into  Escherichia  coli 
strain  BL21(DE3).  This  strain  possesses  the  gene  for 
T7  RNA  polymerase  under  control  of  the  lacUVS  pro¬ 
moter.  The  induction  of  the  RNA  polymerase  and  sub¬ 
sequent  production  of  nucleoplasmin  occurs  after  ex¬ 
posure  to  isopropyl-/3-D-thiogalactopyranoside.  The 
nucleoplasmin,  produced  in  milligram  quantities  per 
liter  of  culture,  is  then  isolated  by  a  rapid  purification 
method  that  includes  metal  chelation  chromatography 
to  purify  the  oligohistidine-linked  nucleoplasmin.  Nu¬ 
clear  transport  studies  indicate  that  fluorescently  la¬ 
beled  nucleoplasmin  is  translocated  to  the  nuclear  in¬ 
terior  of  permeabilized  V79A03  cells,  while  nucleo¬ 
plasmin  that  lacks  a  nuclear  localization  signal  (core 
nucleoplasmin)  is  not  imported.  The  use  of  this  method 
to  produce  nuclear  transport-competent  nucleo¬ 
plasmin  avoids  the  lengthy  purification  procedure 
used  to  isolate  nucleoplasmin  from  Xenopus  laevis  oo¬ 
cytes  as  well  as  the  cost  of  purchasing  and  maintaining 
a  toad  colony. 


The  process  of  protein  translocation  into  the  cell  nu¬ 
cleus  is  currently  an  area  of  great  interest.  One  of  the 
most  widely  used  probes  for  nuclear  transport  studies  is 
nucleoplasmin,  a  thermostable  acidic  pentameric  protein 
involved  in  histone  binding  and  nucleosome  formation 
(1-4).  A  procedure  to  produce  small  amounts  of  radiola¬ 
beled  nucleoplasmin  via  a  coupled  in  vitro  transcription/ 
translation  protocol  has  been  reported  (5).  However,  iso¬ 
lation  of  milligram  quantities  of  nucleoplasmin  requires 
the  use  of  Xenopus  laevis  oocytes,  where  nucleoplasmin 


constitutes  up  to  10%  of  the  nuclear  protein  (6,7).  To 
avoid  the  high  cost  of  purchasing  and  maintaining  toads, 
we  have  devised  a  method  to  produce  and  isolate  milli¬ 
gram  quantities  of  nuclear  transport-competent  nucleo¬ 
plasmin  from  Escherichia  colL 

The  expression  vector  pET-16b  contains  the  lac  oper¬ 
ator  and  repressor  downstream  of  the  T7  promoter  (8). 
This  allows  transcription  of  the  cloned  gene  to  be  al¬ 
most  completely  eliminated  until  induction  is  initiated. 
In  addition,  pET-16b  codes  for  a  stretch  of  10  histidine 
residues  after  the  initiator  methionine,  followed  by  a 
Factor  Xa  protease  cleavage  site  (9).  A  small  cloning 
region  allows  for  the  introduction  of  the  gene  of  interest 
in  frame  with  the  oligohistidine  and  protease  cleavage 
regions.  The  oligohistidine  region  permits  the  rapid  pu¬ 
rification  of  the  expressed  protein  by  metal  chelation 
chromatography  (10,11). 

E.  coli  strain  BL21(DE3)  contains  a  single  copy  of  the 
T7  RNA  polymerase  gene  under  control  of  the  lacUVS 
promoter  (12,13).  This  allows  for  the  overexpression  of 
a  T7  plasmid-containing  gene  following  induction  with 
isopropyl-/3-D-thiogalactopyTanoside  (IPTG).  This  sys¬ 
tem,  along  with  the  expression  vector  pET-16b,  was 
used  to  produce  nucleoplasmin  in  E.  coli.  Rapid  purifi¬ 
cation  of  the  nucleoplasmin  was  then  accomplished  by 
a  heating  step  and  metal  chelation  chromatography. 
Experiments  indicated  that  purified  E.  co/i-produced 
nucleoplasmin  can  substitute  for  nucleoplasmin  iso¬ 
lated  from  X.  laevis  oocytes  in  nuclear  transport  stud¬ 
ies.  This  method  circumvents  the  time-consuming  pro¬ 
cedure  of  isolating  and  purifying  nucleoplasmin  from 
X.  laevis  oocytes  as  well  as  the  costs  involved  with  pur¬ 
chasing  and  maintaining  a  toad  colony. 

EXPERIMENTAL 
Construction  of  pET16b-NED 

Plasmid  pET-16b  was  purchased  from  Novagen 
(Madison,  WI).  Plasmid  pET16b-NED  was  constructed 
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by  ligation  of  a  0.68-kb  NdellBamEl  fragment,  con¬ 
taining  the  X.  laevis  nucleoplasmin  gene,  from  pT7- 
NED  (5)  into  NdeVBamYil-cvii  pET-16b.  The  nucleo¬ 
plasmin  cDNA  (23)  used  to  construct  pT7-NED  was 
kindly  provided  by  Dr.  Thomas  Burglin  (Massachusetts 
General  Hospital,  Boston,  MA).  E,  coli  strain  DHl  was 
transformed  with  the  ligation  mixture  using  CaCl2, 
and  transformants  possessing  the  pET16b-NED  plas¬ 
mid  were  selected  by  plating  on  LB  medium  supple¬ 
mented  with  50  /ig/ml  carbenicillin.  Restriction  diges¬ 
tions,  agarose  gel  electrophoresis,  ligation  reactions, 
and  transformations  were  as  described  (14).  The  link¬ 
age  region  between  the  pET-16b  oligohistidine  leader 
sequence  and  the  nucleoplasmin  gene  was  confirmed 
by  DNA  sequencing  using  the  dideoxy  method  (15). 

Preparation  of  Transformed  BL21(DE3) 

E.  coli  strain  BL21(DE3)  (F“  hsdS  gal  ompT  ri  ms) 
was  kindly  provided  by  Dr.  Paul  Herring  (Indiana  Uni¬ 
versity,  Indianapolis,  IN).  Preparation  of  plasmid 
pET16b-NED  DNA  and  transformation  of  E.  coli  strain 
BL21(DE3)  using  CaCL  were  as  described  (14).  Stable 
transformants  were  selected  by  plating  on  M9ZYB  me¬ 
dium  (1  g/liter  NH4CI,  3  g/liter  KH2PO4,  6  g/liter 
Na2HP04,  4  g/liter  glucose,  2  mM  MgS04,  0.1  mM 
CaCL,  10  g/liter  tryptone,  5  g/liter  NaCl,  5  g/liter  yeast 
extract)  supplemented  with  50  /ig/ml  carbenicillin  and 
1.0  mM  IPTG  (12). 

Expression  and  Isolation  of  Nucleoplasmin 

A  25-ml  culture  of  E.  coli  strain  BL21(DE3)  con¬ 
taining  pET16b-NED  was  grown  overnight  at  37°C  and 
200  rpm  in  M9ZYB  medium  supplemented  with  50  pg! 
ml  carbenicillin.  The  overnight  culture  was  used  to  in¬ 
oculate  500  ml  of  M9ZYB-carbenicillin.  After  reaching 
an  ODeoo  of  1-0,  the  culture  was  induced  by  the  addition 
of  IPTG  to  1.0  mM.  After  3  h  the  cells  were  harvested 
by  centrifugation  at  3000^  and  4°C  for  10  min,  pooled, 
and  washed  once  with  water.  The  pellet  was  resus¬ 
pended  in  20  mM  Tris-HCl,  pH  7.9,  containing  0.5  M 
NaCl,  5  mM  imidazole,  1  mM  phenylmethylsulfonyl 
fluoride  (PMSF),  and  1  /ig/ml  each  of  pepstatin,  leupep- 
tin,  and  aprotinin  (10  ml/liter  of  culture)  and  disrupted 
by  sonication  (4  X  30  s,  setting  7;  Heat  Systems  Cell 
Disruptor  with  microtip).  The  mixture  was  centrifuged 
at  12,000g  for  15  min  at  4°C.  The  supernatant,  con¬ 
taining  the  nucleoplasmin,  was  heated  at  80°C  for  10 
min  and  centrifuged  at  12,000^  for  30  min  at  4®C.  To 
purify  the  nucleoplasmin  further,  the  supernatant  was 
loaded  onto  a  NP^-metal  chelation  resin  column  (20 
mg  protein/2.5  ml  column  volume)  (Novagen).  Column 
preparation  and  chromatography  were  conducted  as 
described  in  the  manufacturer’s  instructions.  Briefly, 
the  column  was  washed  with  10  column  vol  of  binding 


buffer  (20  mM  Tris-HCl,  pH  7.9,  0.5  M  NaCl,  5  mM 
imidazole)  and  6  column  vol  of  wash  buffer  (20  mM 
Tris-HCl,  pH  7.9,  0.5  M  NaCl,  60  mM  imidazole).  The 
oligohistidine-linked  nucleoplasmin  was  eluted  from 
the  column  with  6  column  vol  of  elution  buffer  (20  mM 
Tris-HCl,  pH  7.9,  0.5  M  NaCl,  1  M  imidazole).  The 
eluted  protein  was  concentrated  in  a  Centricon  C-10 
microconcentrator  (W.  R.  Grace  Co.,  Beverly,  MA)  and 
desalted  by  passage  through  a  Sephadex  G-25  column. 
The  oligohistidine  region  could  be  removed  from  the 
nucleoplasmin  by  treating  with  Factor  Xa  (16),  but 
since  this  region  had  no  apparent  effect  on  the  ability 
of  the  protein  to  localize  to  the  nucleus  of  permeabilized 
cells,  it  was  not  routinely  removed. 

Miscellaneous  Methods 

Nucleoplasmin  lacking  a  nuclear  localization  signal 
(core  nucleoplasmin)  was  prepared  as  described  (17). 
Electrophoresis  of  nucleoplasmin  purification  fractions 
using  SDS-polyacrylamide  gels  was  performed  by  the 
method  of  Laemmli  (18).  Antiserum  to  nucleoplasmin 
was  kindly  provided  by  Dr.  Carl  Feldherr  (University 
of  Florida,  Gainsville,  FL).  Western  blot  analysis  was 
performed  as  described  (19).  Purified  nucleoplasmin 
and  core  nucleoplasmin  were  fluorescently  labeled  with 
tetramethylrhodamine  isothiocyanate  (TRITC)  by  the 
method  of  Newmeyer  et  al.  (20).  Polyacrylamide  gels 
and  Western  blots  were  scanned  by  a  Molecular  Dy¬ 
namics  Laser  Densitometer  (Sunnyvale,  CA)  and  the 
density  volumes  calculated  using  the  associated  Image- 
Quant  software. 

Cell  Culture  Conditions 

Alpha  minimal  essential  medium,  fetal  calf  serum, 
penicillin,  streptomycin,  L-glutamine,  and  iV-2-hy- 
droxyethylpiperizine-iV"-2-ethane  sulfonic  acid  (Hepes) 
were  purchased  from  Gibco/BRL  (Gaithersburg,  MD). 
Chinese  hamster  lung  fibroblasts  (clone  V79A03)  were 
maintained  as  monolayer  cultures  at  37°C  in  an  atmo¬ 
sphere  of  5%  CO2  in  air  in  alpha  minimal  essential 
medium  supplemented  with  10%  fetal  calf  serum,  100 
U/ml  penicillin,  100  /ig/ml  streptomycin,  2  mM  L-gluta¬ 
mine,  and  25  mM  Hepes.  For  nuclear  transport  experi¬ 
ments,  cells  were  plated  onto  glass  coverslips  (9  X  35 
mm).  Cells  were  used  when  they  were  70-80%  conflu¬ 
ent.  To  prepare  for  permeabilization  the  cells  were 
placed  on  ice,  washed  with  cold  Buffer  A*  (20  mM 
Hepes,  pH  7.3,  110  mM  potassium  acetate,  2  mM  mag¬ 
nesium  acetate,  1  mM  EGTA,  2  mM  dithiothreitol,  1  pg! 
ml  each  of  aprotinin,  leupeptin,  and  pepstatin)  (21,22) 
and  then  incubated  5  min  on  ice  with  35  /ig/ml  digitonin 
in  Buffer  A*.  The  cells  were  washed  once  again  after 
permeabilization  with  cold  Buffer  A*  and  left  in  cold 
Buffer  A*  until  needed. 
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Preparation  of  Cytosolic  Fraction 

V79A03  cells  were  harvested  by  scraping  from  the 
tissue  culture  plates  with  a  rubber  policeman.  The  cells 
were  washed  with  cold  Hanks’  balanced  salt  solution 
and  resuspended  in  hypotonic  buffer  (10  mM  Hepes, 
pH  7.4,  5  mM  MgCl2,  1  mM  PMSF,  and  1  /jg/ml  each 
of  aprotinin,  leupeptin,  and  pepstatin)  at  10  ml/10® 
cells.  The  cell  suspension  was  left  on  ice  for  15  min  and 
then  disrupted  with  15  strokes  of  a  Bounce  homoge- 
nizer  (pestle  A).  The  mixture  was  centrifuged  at  1000^ 
and  4°C  for  10  min,  producing  a  supernatant  that  was 
then  centrifuged  at  10,000^  and  4°C  for  20  min.  The 
supernatant  resulting  from  this  step  was  centrifuged 
at  150,000^  and  4°C  for  2  h.  The  resulting  supernatant 
from  this  high-speed  centrifugation  step  was  dialyzed 
overnight  at  4°C  against  multiple  changes  of  Buffer  A*, 
concentrated  in  a  Centricon  C-10  microconcentrator, 
and  brought  to  a  protein  concentration  of  40  mg/ml 
with  Buffer  A*. 

In  Vitro  Nuclear  Transport 

A  standard  transport  reaction  contained  bovine  se¬ 
rum  albumin  (1  mg/ml),  ATP  (1  mM),  creatine  kinase 
(20  U/ml),  creatine  phosphate  (5  mM),  cytosolic  fraction 
(10  mg  protein/ml),  and  TRITC-nucleoplasmin  (5  pg! 
ml),  brought  to  a  final  volume  of  20  p\  with  Buffer  A* 
(22).  Coverslips,  containing  the  digitonin-permeabil- 
ized  cells,  were  blotted  on  a  paper  towel  to  remove  ex¬ 
cess  fluid  and  placed  cell  side  down  onto  20  p\  of  the 
transport  mixture  on  a  sheet  of  parafilm.  Transport 
reactions  were  run  in  a  humidified  box  at  30°C  for  15 
min.  Other  additions  to  the  transport  reactions  are  as 
given  in  the  figure  legends.  Reactions  were  terminated 
by  the  addition  of  250  p\  of  cold  Buffer  A*.  The  cov¬ 
erslips  were  washed  once  with  cold  Buffer  A*  and  fixed 
on  ice  for  5  min  with  3%  paraformaldehyde  in  Buffer 
A  (Buffer  A*  minus  dithiothreitol  and  protease  inhibi¬ 
tors).  The  coverslips  were  washed  with  cold  Buffer  A, 
blotted  on  a  paper  towel,  and  mounted  on  a  glass  slide 
on  one  drop  of  1  mg/ml  phenylenediamine  in  90% 
glycerol/10%  phosphate-buffered  saline.  Nail  polish 
was  used  to  seal  the  edges  of  the  coverslip.  Slides  were 
examined  with  an  Olympus  AH-3  fluorescence  micro¬ 
scope  and  photomicrographs  taken  with  Polaroid  Type- 
57  film. 

RESULTS  AND  DISCUSSION 

The  construction  of  pET16b-NED  is  shown  in  Fig. 
lA.  A  0.68-kb  Arfel/BamHI  fragment  from  pT7-NED 
containing  the  coding  region  for  the  X.  laeuis  nucleo- 
plasmin  gene  was  ligated  into  AWcI/BamHI-digested 
pET-16b.  The  resulting  plasmid,  pET16b-NED,  con¬ 
tained  the  nucleoplasmin  gene  plus  an  additional  21 


B 

ATGGGCCATC  ATCATCATCA  TCATCATCAT  CATCACAGCA 
GCGGCCATAT  CGAAGGTCGT  CAtatggcta  gaattcgcgc 
ccAATTCCGC.... 

c 

MGHHHHHHHHHHSSGH  I  E  G  R  H 
MARIRAQFR 

FIG.  1.  Construction  of  pET16b-NED.  (A)  Plasmid  maps  of  pET- 
16b  and  pT7-NED  and  the  construction  of  pET16b-NED.  Details  are 
given  in  the  text.  The  lac  repressor  gene  is  represented  by  lad,  while 
the  gene  conferring  carbenicillin  (ampicillin)  resistance  is  denoted  by 
bla  (yS-lactamase).  (B)  DNA  sequence  of  the  expressed  linker  region 
between  pET-16b  and  the  nucleoplasmin  gene.  The  first  62  base 
pairs  (uppercase)  are  derived  from  pET-16b.  The  next  20  base  pairs 
(lowercase)  are  a  result  of  the  cloning  procedure  used  to  subclone 
the  nucleoplasmin  cDNA  into  pT7-7  (5).  The  bold  letters  represent 
the  first  base  pairs  of  the  nucleoplasmin  cDNA  (23).  (C)  The  amino 
acid  sequence  of  the  linker  region  described  in  B.  The  underlined 
region  indicates  the  Factor  Xa  protease  cleavage  site. 


amino  acids  attached  to  the  amino  terminal  end  of  the 
protein.  This  stretch  of  amino  acids  contains  10  histi¬ 
dine  residues  that  allow  for  protein  purification  by 
metal  chelation  chromatography  and  a  Factor  Xa  prote¬ 
ase  site  that  allows  for  removal  of  the  '‘leader  sequence” 
from  the  nucleoplasmin.  The  base  and  amino  acid  se¬ 
quences  of  the  linker  region  are  shown  in  Figs.  IB  and 
1C.  The  presence  of  the  leader  sequence  did  not  affect 
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FIG.  2.  SDS- polyacrylamide  gel  of  nucleoplasmin  isolation  frac¬ 
tions.  The  uninduced  [lane  1),  induced  (lane  2),  homogenate  (lane  3), 
heat  (lane  4),  and  column  (lane  5)  fractions  from  a  typical  nucleo¬ 
plasmin  isolation,  as  well  as  core  nucleoplasmin  (lane  6),  were  elec- 
trophoresed  on  a  12.5%  SDS-polyacrylamide  gel  (50  //g  protein  per 
lane).  The  gel  was  stained  with  Coomassie  blue  and  destained  in 
10%  acetic  acid/me’:hanol  solution.  Lane  7  contains  the  molecular 
mass  markers  (Sigma):  bovine  serum  albumin,  66  kDa;  egg  albumin, 
45  kE'a;  glyceraldehyde-S-phosphate  dehydrogenase,  36  kDa;  car¬ 
bonic  anhydrase,  29  kDa;  trypsinogen,  24  kDa;  trypsin  inhibitor,  20.1 
kDa;  and  a-lactalbumin,  14.2  kDa. 


the  ability  of  the  nucleoplasmin  to  be  imported  to  the 
nuclear  interior,  so  it  was  not  routinely  removed  (data 
not  shown). 

A  representative  Coomassie  blue-stained  SDS-poly¬ 
acrylamide  gel  of  the  fractions  obtained  during  the  pu¬ 
rification  of  nucleoplasmin  is  shown  in  Fig.  2.  Lane  1 
is  an  uninduced  culture  of  BL21(DE3)  containing 
pET16b-NED.  The  protein  profile  in  lane  2  was  ob¬ 
tained  following  a  3-h  induction  of  nucleoplasmin  by 
IPTG.  As  seen,  an  intense  nucleoplasmin  band  migrat¬ 
ing  at  a  molecular  weight  of  approximately  32  kDa 
constitutes  much  of  the  protein  in  this  fraction.  Lane 
3  is  rhe  supernatant  resulting  from  the  sonication  and 
centrifugation  of  the  bacteria.  After  heat  treatment  (10 
min/80°C)  and  centrifugation,  the  profile  in  lane  4  was 
obtained.  This  step  eliminated  the  majority  of  the  bac¬ 
terial  proteins.  However,  along  with  the  nucleo¬ 
plasmin,  two  additional  bands,  migrating  at  approxi¬ 
mately  21  and  26  kDa,  are  apparent.  To  purify  the 
nucleoplasmin  further,  metal  chelation  chromatogra¬ 
phy  was  used.  The  nucleoplasmin-containing  fraction 
was  chromatographed  on  a  Ni^^  column,  which  bound 
the  oligohistidine  leader  sequence  ligated  to  the  nucleo¬ 
plasmin.  The  contaminating  proteins  were  then 
washed  from  the  column  and  the  nucleoplasmin  was 
eluted  as  described.  The  column-purified  nucleo¬ 
plasmin  is  shown  in  lane  5.  The  21-  and  26-kDa  bands 
were  still  present  in  this  fraction,  albeit  as  only  a  very 
small  percentage  of  the  total  protein  (0.9  and  0.3%, 
respectively).  Lane  6  is  core  nucleoplasmin  (nucleo¬ 
plasmin  lacking  a  nuclear  localization  signal)  and  was 


FIG.  3.  Western  blot  of  nucleoplasmin  isolation  fractions.  Nucleo¬ 
plasmin  isolation  fractions  were  electro phoresed  on  12.5%  SDS- 
polyacrylamide  gels  as  described  and  transferred  to  nitrocellulose. 
The  blot  was  probed  with  antisera  (1:500  dilution)  developed  in  rab¬ 
bit  against  X  laevis  nucleoplasmin.  After  incubation  with  horserad¬ 
ish  peroxidase-goat  anti-rabbit  IgG  (Sigma),  color  development  was 
achieved  using  4-chloro-l-naphthol.  The  following  samples  are  repre¬ 
sented:  molecular  mass  markers  (lane  1),  uninduced  fraction  (lane 
2),  induced  fraction  (lane  3),  homogenate  fraction  (lane  4),  heat  frac¬ 
tion  (lane  5),  column  fraction  (lane  6),  and  core  nucleoplasmin  (lane 
7).  Prestained  molecular  mass  markers  (Gibco/BRL,  Gaithersburg, 
MD)  are  myosin  H-chain,  200  kDa;  phosphorylase  b,  97.4  kDa;  bovine 
serum  albumin,  68  kDa;  ovalbumin,  43  kDa;  carbonic  anhydrase,  29 
kDa;  /?-lactoglobulin,  18.4  kDa. 


prepared  by  treating  intact  nucleoplasmin  with  trypsin 
(17).  The  20-kDa  band  is  the  monomeric  form  of  the 
core  nucleoplasmin,  while  the  higher-molecular-weight 
band  represents  the  pentameric  form.  A  Western  blot 
of  the  nucleoplasmin  isolation  fractions  is  shown  in  Fig. 
3.  Lane  2  (uninduced  culture)  shows  no  reaction.  A  32- 
kDa  band  was  recognized  by  antisera  produced  against 
X.  laevis  nucleoplasmin  in  each  of  the  isolation  frac¬ 
tions  (lanes  3-6).  Lane  7  (core  nucleoplasmin)  shows 
a  reaction  at  20  kDa. 

In  addition  to  the  32-kDa  band,  the  nucleoplasmin 
antisera  also  recognized  the  21-  and  26-kDa  bands  seen 
in  the  Coomassie-stained  gel,  indicating  that  these 


TABLE  1 

Purification  of  Nucleoplasmin 


Fraction 

Protein 

(mg) 

Percentage 

nucleoplasmin 

Percentage 

5deld 

Fold 

purification 

Induced 

2131.0 

32.1 

100 

_ 

Homogenate 

870.6 

37.8 

48 

1 

Heat 

96.0 

76.7 

11 

2 

Column 

78.6 

98.8 

11 

3 

Note.  Protein  concentrations  were  determined  using  the  method 
of  Bradford  (25)  and  are  based  on  a  1-liter  culture.  SDS-polyacryl¬ 
amide  gels  were  scanned  by  laser  densitometry.  The  density  volume 
of  the  nucleoplasmin  band  (32  kDa)  was  calculated  and  divided  by 
the  density  volume  obtained  from  scanning  the  entire  sample  lane 
to  5deld  “percentage  nucleoplasmin”  (nucleoplasmin  as  a  percentage 
of  total  protein). 
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FIG.  4.  Photomicrographs  of  nuclear  transport  experiments.  (A)  Requirement  for  cytosolic  fa:tcrs.  Transport  expBriments  (SO'^C/lh  min) 
were  conducted  either  in  the  presence  (+)  or  absence  (-)  of  cytosolic  factors  as  described  in  the  text  Both  phase  contrast  (F)  and  fluorescence 
(F)  photomicrographs  are  shown.  (B)  Impar.  of  core  nucleoplasmin.  Transport  experiments  (3t)^C/15  min)  were  conducted  as  described, 
except  TRITC- nucleoplasmin  was  replaced  with  an  equal  concentration  of  TRITC-core  njcleoplasmin.  (C)  ATP  requirement.  Transport 
experiments  (30°C/15  min)  were  conducted  as  described  in  the  text,  except  the  ATP  regenerating  S5^stem  (ATP,  creatine  kinase,  and  creatine 
phosphate)  was  omitted  and  replaced  with  an  equal  volume  of  Buffer  A*. 


bands  represent  a  truncated  form  of  nucleoplasmin. 
Even  though  these  proteins  had  no  affect  on  the  ability 
of  nucleoplasmin  to  accumulate  in  the  nuclear  interior, 
we  sought  to  determine  their  origin  Originally  it  was 
thought  these  bands  represented  prcteins  produced 
from  methionine  residues  3'  to  the  initiator  methio¬ 
nine.  This  should  result  in  shorter  forms  of  nucleo¬ 
plasmin  that  might  still  be  immunologically  recognized 
by  the  nucleoplasmin  antisera.  However,  if  this  were 
the  case,  the  oligohistidine  leader  sequence  would  not 
be  present,  and  the  truncated  nuclBoplasmin  species 
would  not  bind  to  the  Ni^"^  column.  As  shown  in  both 
Figs.  2  and  3,  the  truncated  forms  of  nucleoplasmin 
bound  to  the  Ni^^  column.  The  shortened  nucleo¬ 
plasmin  species  may  have  resulted  from  proteolysis 
during  the  isolation  procedure.  However,  the  presence 
of  the  protease  inhibitors  PMSF,  pepstatin,  leupeptin, 


and  aprotinin  during  isolation  would  tend  to  argue 
against  that  possibility.  Furthermore,  E.  coli  strain 
BL21(DE3)  is  deficient  in  both  the  Ion  and  the  ompT 
proteases  that  would  contribute  to  sample  proteolysis 
(13).  We  attempted  to  eliminate  these  truncated  nu¬ 
cleoplasmin  bands  by  treating  the  bacterial  culture 
with  rifampicin  (30  min  after  IPTG  induction)  to  inhibit 
transcription  by  the  bacterial  RNA  polymerases  and 
production  of  any  bacterial  proteases.  However,  no  dif¬ 
ferences  were  obser/ed  between  the  gel  patterns  of  nu¬ 
cleoplasmin  obtained  from  rifampicin-treatad  and  -un¬ 
treated  cultures.  Changing  the  incubation  temperature 
(30,  35,  37°C),  the  culture  medium  (M9ZYB,  LB),  and 
the  har/est  time  (30  min  to  3  h  post-IPTG  induction) 
also  had  no  effect  on  the  distribution  of  the  intact  and 
truncated  forms  of  tha  nucleoplasmin  (data  not  shown). 
The  origin  of  these  l^nds  remains  to  be  determined. 
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FIG.  4 — Continued 


Table  1  is  a  summary  of  the  purification  of  nucleo- 
plasmin.  After  induction  with  IPTG,  almost  |  of  the 
protein  present  in  the  “induced  fraction”  was  nucleo- 
plasmin.  Sonication  and  centrifugation  of  the  bacteria 
yielded  the  “homogenate  fraction.”  Nucleoplasmin  ac¬ 
counted  for  greater  than  |  of  the  protein  content  of  this 
fraction.  The  “heat  fraction”  was  obtained  after  heat 
treatment  and  centrifugation.  Nucleoplasmin  made  up 
well  over  75%  of  the  protein  found  in  this  fraction,  with 
the  truncated  nucleoplasmin  forms  and  small  “molecu¬ 
lar-weight  contaminants  accounting  for  the  remainder. 
After  metal  chelation  chromatography,  greater  than 
98%  of  the  protein  in  the  “column  fraction”  was  nucleo¬ 
plasmin  (32  kDa)  with  the  remaining  protein  being 
mostly  21-  and  26-kDa  truncated  forms  of  nucleo¬ 
plasmin  (approximately  1  and  0.5%,  respectively). 

After  isclaticn,  the  nucleoplasmin  was  fluoiescently 
labeled  with  rhodamine  and  tested  in  an  in  vitro  nu¬ 


clear  transport  system  using  permeabilized  mamma¬ 
lian  cells  (21,22).  Shown  in  Fig.  4A  are  the  phase  con¬ 
trast  and  fluorescent  photomicrographs  of  a  SO'^C/lfl 
min  transport  experiment  run  with  and  without  the 
c3d;osolic  fraction.  When  incubated  in  the  presence  of 
the  cytosolic  fraction  and  an  ATP  regenerating  system, 
nucleoplasmin  is  imported  to  the  nuclear  interior  of 
digitonin-permeabilized  V79A03  cells.  When  the  cyto¬ 
solic  fraction  is  omitted,  the  nucleoplasmin  does  not 
localize  to  the  nucleus.  This  confirms  the  results  of 
other  investigators  using  nucleoplasmin  isolated  from 
X.  laevis  oocytes  in  similar  nuclear  transport  systems 
(21,22,24).  Figure  4B  demonstrates  that  nucleoplasmin 
lacking  a  nuclear  localization  signal  (core  nucleo¬ 
plasmin)  does  not  translocate  to  the  nuclear  interior. 
The  requirement  for  ATP  is  represented  in  Fig.  4C, 
which  shows  that  only  a  small  amount  of  nucleo¬ 
plasmin  is  localized  to  the  nucleus  if  an  ATP  regenerat- 
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ing  system  is  omitted  from  the  reaction  mixture.  The 
small  amount  of  import  observed  can  be  attributed  to 
endogenous  ATP  in  the  cytosolic  preparation.  As  dem¬ 
onstrated  in  Fig.  4,  nucleoplasmin  produced  in  E.  coli 
and  purified  by  this  procedure  performs  in  a  manner 
analogous  to  the  protein  isolated  fromX  laevis  oocytes. 

We  have  developed  a  procedure  for  isolating  milli¬ 
gram  quantities  of  nucleoplasmin  produced  in  E,  coli 
strain  BL21(DE3).  The  isolation  procedure  is  rapid  and 
routinely  yields  70-80  mg  of  nucleoplasmin  per  liter 
of  bacterial  culture.  The  nucleoplasmin  produced  by 
this  procedure  migrates  at  the  same  apparent  molecu¬ 
lar  mass  on  SDS- polyacrylamide  gels  as  nucleo¬ 
plasmin  isolated  from  X.  laevis  oocytes  and  is  recog¬ 
nized  by  antisera  produced  against  \heXenopus  nucleo¬ 
plasmin.  The  E.  coli-produced  nucleoplasmin  is  also 
transport-competent.  It  is  imported  to  the  nuclear  inte¬ 
rior  of  digitonin-permeabilized  V79A03  cells.  Nucleo¬ 
plasmin  lacking  a  nuclear  localization  signal  (core  nu¬ 
cleoplasmin)  does  not  associate  with  the  cell  nucleus. 
As  with  other  systems,  nuclear  import  is  dependent 
upon  not  only  an  intact  nuclear  localization  signal  but 
also  the  presence  of  cytosolic  factors  and  ATP.  This 
procedure  provides  an  easy  method  for  producing  and 
purifying  nucleoplasmin  for  nuclear  transport  studies. 
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Rats  exposed  to  0.1-5  Gy  of  heavy  particles  (^^Fe,  ‘^^Ar,  ^^Ne 
or  '^He)  showed  dose-dependent  changes  in  body  temperature. 
Lower  doses  of  all  particles  produced  hyperthermia,  and  higher 
doses  of  ^®Ne  and  ^^Fe  produced  hypothermia.  Of  the  four  HZE 
particles,  ^^Fe  particles  were  the  most  potent  and  '^He  particles 
were  the  least  potent  in  producing  changes  in  thermoregulation. 
The  ^^Ne  and  '*®Ar  particles  produced  an  intermediate  level  of 
change  in  body  temperature.  Significantly  greater  hyperthermia 
was  produced  by  exposure  to  1  Gy  of  ^°Ne,  '^^Ar  and  ^^Fe  parti¬ 
cles  than  by  exposure  to  1  Gy  of  ^®Co  y  rays.  Pretreating  rats 
with  the  cyclo-oxygenase  inhibitor  indomethacin  attenuated  the 
hyperthermia  produced  by  exposure  to  1  Gy  of  ^^Fe  particles, 
indicating  that  prostaglandins  mediate  ^^Fe-particle-induced 
hyperthermia.  The  hypothermia  produced  by  exposure  to  5  Gy  of 
^^Fe  particles  is  mediated  by  histamine  and  can  be  attenuated  by 
treatment  with  the  antihistamines  mepyramine  and  cimetidine. 


INTRODUCTION 

When  manned  exploration  of  the  solar  system  continues, 
astronauts  leaving  the  protection  of  the  Earth’s  magnetic 
field  will  be  exposed  to  types  and  doses  of  radiation  signifi¬ 
cantly  different  from  those  in  low-Earth  orbit,  primarily  cos¬ 
mic  rays.  Cosmic  rays  are  composed  of  protons,  a  particles 
and  heavy  particles  with  high  charge  and  energy  (HZE). 
Previous  research  using  a  variety  of  end  points  has  shown 
that  exposure  to  HZE  particles,  especially  ^^Fe  ions,  can 
cause  deficits  in  behavioral  and  neurochemical  processes  at 
doses  that  are  significantly  lower  than  those  required  for 
similar  effects  after  exposure  to  y  rays.  Protecting  the  organ- 
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ism  against  the  deleterious  effects  of  exposure  to  HZE  parti¬ 
cles  requires  that  we  determine  the  toxicity  of  these  particles 
across  a  range  of  different  physiological  and  behavioral  end 
points,  and  that  we  understand  the  mechanisms  by  which 
such  exposures  can  affect  these  end  points  (1-6). 

One  of  the  physiological  effects  of  exposure  to  ionizing 
radiation  involves  alterations  in  the  regulation  of  body  tem¬ 
perature,  In  rats,  y  irradiation  produces  a  dual  effect:  lower 
doses  {'^5  Gy)  produce  hyperthermia,  and  higher  doses 
(~5()  Gy)  produce  hypothermia  (7,  8).  This  effect  results 
from  direct  irradiation  of  the  brain  because  exposures  that 
exclude  the  brain  have  no  significant  effects  on  the  thermo¬ 
regulatory  system  (7,  8).  The  dual  effects  on  thermoregula¬ 
tion  observed  after  irradiation  with  y  rays  apparently  are 
mediated  by  two  separate  mechanisms.  Radiation-induced 
hyperthermia  is  mediated  by  a  release  of  prostaglandins 
and  can  be  prevented  by  pretreating  rats  with  indo¬ 
methacin,  which  acts  to  inhibit  synthesis  of  prostaglandins. 
In  contrast,  the  hypothermia  observed  after  higher  doses  of 
radiation  is  mediated  by  the  release  of  histamine  and  can  be 
prevented  by  treatment  with  antihistamines  (7, 8). 

Thermoregulation  is  one  of  a  group  of  homeostatic 
processes  that  mediate  the  adjustment  of  an  organism  to  its 
environment  by  functioning  to  maintain  a  relatively  constant 
internal  environment.  The  observation  that  exposure  to  ion¬ 
izing  radiation  can  disrupt  the  functioning  of  this  system 
may  be  indicative  of  the  potential  disruption  of  a  variety  of 
other  homeostatic  systems.  As  such,  it  would  be  important 
to  establish  the  sensitivity  of  homeostatic  processes,  such  as 
thermoregulation,  and  the  mechanisms  that  mediate  the 
responses  of  these  systems  to  HZE  particles,  to  assess  the 
possible  effects  of  such  exposures  on  the  performance  of 
astronauts  on  long-term  missions  outside  the  magneto¬ 
sphere.  This  is  particularly  important  because,  as  indicated 
above,  previous  research  has  shown  that  exposure  to  heavy 
particles  can  disrupt  behavioral  and  physiological  function¬ 
ing  at  significantly  lower  doses  than  exposure  to  y  rays  {1-6). 

Our  experiments  were  designed  to  evaluate  the  effects  of 
exposure  to  different  HZE  particles  on  thermoregulation 
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by  establishing  the  dose-response  relationships  between 
exposure  to  iron,  argon,  neon  and  helium  ions  and  changes 
in  body  temperature.  In  addition,  the  roles  of  prosta¬ 
glandins  and  histamine  in  changes  in  thermoregulation 
induced  by  HZE  particles  were  investigated  to  determine 
whether  mechanisms  that  are  similar  to  those  that  mediate 
these  responses  after  exposure  to  7  rays  (7,  8)  also  mediate 
these  changes  after  exposure  to  heavy  particles. 

MATERIALS  AND  METHODS 

Experimental  animals.  Male  Sprague-Dawley  Crl:CD(SD)BRD  rats 
weighing  200-300  g  (Charles  River)  were  used  in  these  experiments.  The 
rats  were  maintained  at  Lawrence  Berkeley  Laboratory  (LBL)  in 
AAALAC-accredited  facilities.  Commercial  rodent  chow  and  water 
were  available  ad  libitum.  Animal  holding  rooms  were  maintained  at  21 
±  UC  with  a  12-h  lightidark  cycle. 

Radiation  and  dosimetry.  Exposure  to  heavy  particles  was  performed 
using  the  BEVALAC  at  LBL.  Rats  were  exposed  unilaterally  to  doses  of 
0.1-5  Gy  at  dose  rates  from  0.2  Gy/min  to  2  Gy/min.  All  exposures  were 
in  the  plateau  region  of  the  Bragg  curve.  Sham-irradiated  rats  were  held 
in  restraining  cages  for  the  same  of  length  of  time  and  in  the  same  envi¬ 
ronment  as  their  irradiated  counterparts.  Groups  of  rats  were  exposed  to 
the  following  particles  (8  rats/particle/dose):  iron  [^^Fe,  600  MeV///,  lin¬ 
ear  energy  transfer  (LET)  =  ~  190.0  keV/pm];  neon  (^°Ne,  522  MeW/u, 
LET  =  -28.0  keV/pm);  argon  (^^Ar,  670  MeV/w,  LET  =  -85.0 
keV/pm);  and  helium  (‘^He,  165  MeV/w,  LET  =  —2.0  keV/pm). 

Dosimetry  was  provided  by  the  staff  of  the  BEVALAC  facility. 
These  procedures  have  been  detailed  in  previous  reports  (5,  9-11). 

Drugs  and  administration.  The  drugs  tested  for  effects  on  changes  in 
thermoregulation  induced  by  HZE  particles  were  indomethacin  (Sigma 
Chemical  Co.,  St.  Louis,  MO)  dissolved  in  a  mixture  of  1%  sodium 
hydroxide  and  sterile  nonpyrogenic  saline,  mepyramine  maleate 
(Mallinckrodt  Inc..  St.  Louis,  MO)  dissolved  in  saline,  and  cimetidine 
(Smith  Kline  and  French  Laboratories,  Philadelphia,  PA)  dissolved  in  0.1 
ml  of  lA^  HCl  and  diluted  to  the  final  volume  with  sterile  nonpyrogenic 
saline.  Indomethacin  is  a  cyclo-oxygenase  inhibitor  which  acts  to  inhibit 
prostaglandin  synthesis.  Mepyramine  and  cimetidine  are  antihistamines, 
which  are  HI  and  H2  antagonists,  respectively. 

Indomethacin  was  administered  by  intraperitoneal  (ip)  injection. 
Mepyramine  and  cimetidine  were  administered  using  intracerebro-ven- 
tricular  injection  with  chronic  cannulas  placed  in  the  lateral  ventricle. 
Cannulas  were  implanted  stereotaxically  in  rats  anesthetized  with  an 
intramuscular  injection  of  1  ml/kg  of  a  mixture  of  ketamine  (50  mg/kg), 
xylazine  (5  mg/kg)  and  acepromazine  (1  ml/kg).  A  single  cannula  was 
inserted  aseptically  into  the  lateral  ventricle  at  0.8  mm  posterior  and 
2.5  mm  lateral  to  bregma,  using  coordinates  derived  from  the  atlas  of 
Pelligrino  et  al.  (/2).  The  cannula  was  lowered  until  cerebrospinal  fluid 
rose  in  the  cannula.  Dental  acrylic  was  used  to  secure  the  cannula.  The 
rats  were  allowed  to  recover  for  2  days  before  being  used  for  experi¬ 
ments.  After  the  experiment,  the  rats  were  sacrificed  with  CO2  inhala¬ 
tion,  and  the  injection  site  was  verified  histologically. 

Procedure.  All  experiments  were  performed  at  an  environmental 
temperature  of  21  ±  1°C.  The  measurement  of  body  temperature  was 
performed  as  described  previously  (7,  8).  Briefly,  the  animals  were 
placed  in  acrylic  restraining  cages  30  min  before  irradiation,  and  body 
temperatures  were  measured  with  thermistor  probes  (YSI  series  700, 
Yellow  Springs  Instrument  Co.,  Inc.,  Yellow  Springs,  OH)  inserted 
approximately  6  cm  into  the  rectum  and  connected  to  a  datalogger 
(Minitrend  205).  The  probes  were  removed  from  the  animals  for  irradia¬ 
tion.  After  exposure,  the  probes  were  reinserted,  and  body  temperatures 
were  observed  for  an  additional  30  min.  Immediately  after  radiation 


FIG.  1.  Average  change  in  rectal  temperatures  of  rats  10  min  after 
exposure  to  varying  doses  of  (•)  ^^Fe,  (O)  '’^Ar,  (■)  ^®Ne,  (□)  “^He  and 
(A)  ®^Co.  Data  for  ^^Co  have  been  regraphed  from  ref.  {8).  Error  bars 
indicate  the  standard  error  of  the  mean. 


exposure,  rats  developed  hyperthermia  or  hypothermia,  depending  on 
the  dose,  reaching  maximum  temperature  responses  in  10  min  which  last¬ 
ed  for  1  h  and  then  gradually  declined. 

For  the  experiments  on  the  mechanisms  of  radiation-induced  changes 
in  thermoregulation,  the  appropriate  drugs  were  administered  to  inde¬ 
pendent  groups  of  rats  (8  rats/group)  30  min  before  exposure  to  ^^Fe  par¬ 
ticles.  The  role  of  prostaglandins  in  ^^Fe-particle-induced  hyperthermia 
was  determined  in  rats  given  ip  injections  of  indomethacin  and  exposed 
to  1  Gy.  The  role  of  histamine  in  ^^Fe-particle-induced  hypothermia  was 
determined  in  rats  given  either  cimetidine  or  mepyramine  injections 
(intracerebro-ventricular)  and  exposed  to  5  Gy.  After  exposure,  body 
temperatures  were  monitored  for  an  additional  30  min.  Control  animals 
were  administered  only  the  vehicle  prior  to  irradiation.  Previous  research 
(7,  5)  has  shown  that  administration  of  these  drugs  alone  produces  no 
significant  changes  in  body  temperature. 

Statistics.  Statistical  evaluations  of  the  data  were  performed  using 
analyses  of  variance.  Post  hoc  comparisons  between  groups  were  per¬ 
formed  using  Tukey’s  t  test. 

RESULTS 

The  effects  of  exposure  to  heavy  particles  on  body  tem¬ 
perature  are  summarized  in  Fig.  1.  Exposing  rats  to  0.1-5 
Gy  of  ^^Fe,  "^^Ar,  ^^Ne  or  "^He  particles  produced  significant 
dosC'dependent  changes  in  body  temperature  (independent 
one-way  analyses  of  variance,  all  P  <  0.001).  Lower  doses 
of  all  particles  produced  significant  increases  in  body  tem¬ 
perature,  while  higher  doses  of  ^^Fe  and  ^^Ne  particles  (>3 
Gy)  caused  significant  hypothermia. 

Figure  1  also  shows  that  the  doses  needed  to  produce 
hyperthermia  after  exposure  were  different  for  the  heavy 
particles.  The  lowest  effective  dose  for  a  significant  increase 
in  body  temperature  was  observed  after  exposure  to  ^^Fe 
particles  (^0.1  Gy),  while  the  highest  effective  dose  was 
observed  after  exposure  to  "^He  particles  (^0.5  Gy).  The 
intermediate  effective  dose  for  a  significant  increase  in  tem¬ 
perature  was  observed  after  exposure  to  0.3  Gy  of  ^^e  or  0.2 
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Type  of  radiation 

FIG.  2.  Comparison  of  the  hyperthermia  produced  by  exposure  to 
1  Gy  of  ^®Co  7  rays  with  that  produced  by  exposure  to  1  Gy  of  heavy 
particles.  Data  for  ^^Co  have  been  regraphed  from  ref.  (5).  Error  bars 
indicate  the  standard  error. 


Gy  of  particles.  Differences  were  also  observed  in  the 
hypothermia  induced  by  exposure  to  different  particles. 
Compared  to  nonirradiated  controls,  rats  exposed  to  either 
^^Fe  or  ^^e  particles  showed  a  significant  reduction  in  body 
temperature  [f(14)  =  12.52,  P  <  0.01;  r(14)  =  10.67,  P  <  0.01, 
respectively]  at  the  highest  dose  (5  Gy).  In  contrast,  the  rats 
exposed  to  5  Gy  of  "^He  particles  continued  to  show  a  signifi¬ 
cant  increase  in  body  temperature  [t{l4)  =  8.16,  P  <  0.01]. 

The  amount  of  change  in  body  temperature  produced  by 
exposure  to  1  Gy  of  heavy  particles  or  to  1  Gy  of  ^^^Co 
7  rays  is  shown  in  Fig.  2.  This  dose  was  selected  because  it 
was  common  to  all  of  the  types  of  radiation  tested.  Com¬ 
pared  to  1  Gy  ^^Co  7  rays  (7,  5),  exposure  to  "^He  particles 
produced  an  equivalent  increase  in  body  temperature  [f(14) 
=  0.42,  P  >  0.05].  In  contrast,  exposure  to  ^^Ne,  "^^Ar  or  ^^Fe 
particles  produced  a  significantly  greater  rise  in  body  tem¬ 
perature  than  did  exposure  to  ^^Co  or  "^He  (all  P  <  0.01).  In 
addition,  the  hyperthermia  produced  by  ^^Fe  was  signifi¬ 
cantly  greater  than  that  produced  by  exposure  to  either 
^^Ne  [r(14)  =  7.72,  P  <  0.01]  or  ^^Ar  [r(14)  =  6.47,  P  < 
0.01],  which  did  not  differ  significantly  from  each  other 
[/(14)  =  1.25,  F>  0.05]. 

The  dose  rate  for  HZE  varied  by  a  factor  of  10.  For  ^^Co, 
the  dose  rate  is  10-20  Gy/min.  Because  the  data  for  ^^Co 
have  been  regraphed  from  ref.  (S),  the  dose  rates  were  not 
included  in  this  paper.  Research  using  low-LET  radiation  in 
the  Armed  Forces  Radiobiology  Research  Institute  has 
indicated  that  there  is  no  significant  change  in  temperature 
responses  with  dose  rates  between  10-20  Gy  per  minute. 

The  effect  of  pretreatment  with  indomethacin  on  ^^Fe- 
particle-induced  hyperthermia  is  shown  in  Fig.  3.  Com¬ 
pared  to  irradiated  rats  given  only  the  vehicle,  both  doses  of 
indomethacin  (1  or  3  mg/kg,  ip)  produced  a  significant 
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FIG.  3.  Effect  of  indomethacin  (1.0  or  3.0  mg/kg)  on  hyperthermia 
induced  by  exposure  to  1  Gy  of  ^^Fe  particles.  *Significantly  different 
from  “’^Fe-particle-induced  hypothermia,  P  <  0.05.  Error  bars  indicate 
the  standard  error. 


attenuation  of  the  hyperthermia  induced  by  a  1-Gy  dose  of 
particles  [t(14)  =  7.90,  P  <  0.01;  t(14)  =  11.74, 
P  <  0.01,  respectively].  Similarly,  the  3-mg/kg  dose  of 
indomethacin  produced  a  significantly  greater  attenuation 
of  ^^Fe-particle-lnduced  hyperthermia  than  did  the  1-mg/kg 
dose  [r(14)  =  3.83,  P<  0.01]. 

Compared  to  the  vehicle-treated  rats  (Fig.  4),  both 
mepyramine  and  cimetidine  (100  and  300  ng)  produced  sig¬ 
nificant  dose-dependent  attenuations  of  the  hypothermia 
produced  by  exposure  to  5  Gy  ^^Fe  particles  (all  P  <  0.01). 
The  degree  of  attenuation  of  the  ^^Fe-particle-induced 
hypothermia  was  greater  for  the  higher  doses  of  both  the 
mepyramine-treated  [^(14)  =  4.80,  P  <  0.01]  and  the  cimeti- 
dine-treated  [/(14)  =  4.60,  P  <  0.01]  rats.  The  differences 
between  the  effectiveness  of  ^^Fe-particle-induced  hypo¬ 
thermia  attenuated  by  mepyramine  and  cimetidine  were 
not  statistically  significant  (all  P  >  0.05). 

DISCUSSION 

The  present  results  show  that  exposure  to  heavy  parti¬ 
cles  produces  significant  dose-dependent  changes  in  body 
temperature  in  rats.  As  observed  after  exposure  to  7  rays 
(7,  S),  lower  doses  of  HZE  particles  induce  hyperthermia, 
whereas  higher  doses  of  ^^Ne  and  ^^Fe  particles  induce 
hypothermia. 

The  ^^Fe  particles  were  the  most  effective  in  producing 
changes  in  thermoregulation.  Exposure  to  ^^Fe  particles 
produced  significant  hyperthermia  at  the  lowest  dose  and 
also  produced  the  greatest  amount  of  change  in  body  tem¬ 
perature  at  any  given  dose.  Exposing  rats  to  ^^Co  7  rays 
produces  a  significant  increase  in  body  temperature  at  a 
dose  of  5  Gy,  whereas  a  dose  of  50  Gy  is  needed  to  produce 


HZE  PARTICLES  AND  THERMOREGULATION 


355 


Control  Mepyramine  Cimetidine 

Treatment 


FIG.  4.  Effect  of  mepyramine  and  cimetidine  (100  and  300  ng,  intra- 
cerebro-ventricular  injection)  on  hypothermia  induced  by  exposure  to 
5  Gy  of  ^^Fe  particles.  Control  animals  received  vehicle  only.  *Signifi- 
cantly  different  from  ^^Fe-particle-induced  hypothermia,  P  <  0.05.  Error 
bars  indicate  the  standard  error. 


a  significant  decrease  in  body  temperature  (7,  8).  In  con¬ 
trast,  significant  increases  in  body  temperature  are  obtained 
after  exposure  to  0.1  Gy  of  ^^Fe  particles  and  significant 
decreases  are  obtained  with  5  Gy. 

This  observation  extends  the  results  of  previous  studies 
using  a  variety  of  different  neurochemical  and  behavioral 
end  points  to  the  maintenance  of  physiological  homeostasis. 
In  agreement  with  the  results  of  previous  research  that  used 
conditioned  taste  aversion  (2,  4)  and  striatal  dopamine 
release  (7, 3, 5)  in  rats  and  emesis  in  ferrets  (6),  the  present 
results  show  that  '*‘^Fe  particles  produce  changes  in  ther¬ 
moregulation  at  significantly  lower  doses  than  the  other 
particles  tested. 

Although  exposure  to  ^^Fe  particles  is  significantly  more 
effective  in  producing  changes  in  thermoregulation  than 
exposure  to  ^^Ne  or  '^^Ar  particles,  these  latter  particles  are 
nevertheless  significantly  more  effective  than  "^He  particles 
or  ^®Co.  These  results  indicate  that,  for  this  particular  end 
point,  the  effectiveness  of  exposure  to  these  particles  in 
producing  changes  in  thermoregulation  generally  parallels 
the  LET  of  the  particles.  The  most  effective  particle,  '’^Fe, 
was  the  one  with  the  highest  LET  (^^190  keV/pm),  while 
the  particle  with  the  lowest  LET,  ^He  (~2  keV/pm),  did  not 
differ  from  ^^Co  7  rays  (LET,  0.3  keV/pm)  in  effectiveness. 
The  two  particles  with  intermediate  LETs,  ^®Ne  (—28 
keV/pm)  and  "^^Ar  (—85  keV/pm),  showed  an  intermediate 
level  of  effectiveness  in  eliciting  changes  in  thermoregula¬ 
tion  compared  to  ^®Co  and  ^^Fe.  However,  there  were  no 
differences  in  the  changes  in  thermoregulation  produced  by 
^^Ne  and  '^^Ar  in  rats  exposed  to  the  common  dose  of  1  Gy, 
despite  the  differences  in  particle  LET. 

In  terms  of  the  relationship  between  LET  and  the 
amount  of  change  behavior  and  neurochemistry  produced 


by  exposure  to  different  types  of  radiation,  the  present 
results  differ  from  those  obtained  using  the  conditioned 
taste  aversion  (2,  4)  or  striatal  dopamine  release  (Joseph, 
Rabin,  Hunt  and  Kandasamy,  unpublished  observations)  as 
experimental  end  points.  In  those  experiments,  ^®Co  7  rays 
and  '^He,  ^®Ne  and  '^^Ar  ions  were  equally  effective  in  pro¬ 
ducing  changes  in  behavior  and  neurochemistry.  With  these 
end  points,  only  ^^Fe  particles  were  significantly  more  effec¬ 
tive  than  7  rays.  These  results  therefore  emphasize  the 
importance  of  the  specific  end  point  in  determining  the 
effectiveness  of  heavy  particles  (7, 2,  4,  9,  73-75). 

As  observed  previously  after  exposure  to  ^^Co  7  rays 
(7,  3),  separate  mechanisms  mediate  hyperthermia  and 
hypothermia  after  exposure  to  *'‘"Fe  particles.  Hyperthermia 
produced  by  exposure  to  1  Gy  of  ^^Fe  particles  is  mediated 
by  a  particle-induced  release  of  prostaglandins  because  pre¬ 
treatment  with  the  cyclo-oxygenase  inhibitor  indomethacin, 
which  inhibits  prostaglandin  synthesis,  causes  a  significant 
reduction  in  the  '"^Fe-particle-induced  increase  in  body  tem¬ 
perature.  Hypothermia  produced  by  exposure  to  5  Gy  of 
''^Fe  particles  is  mediated  by  the  release  of  histamine  and 
can  be  prevented  by  pretreatment  with  either  HI  (mepyra¬ 
mine)  or  H2  (cimetidine)  antagonists.  Because  these  com¬ 
pounds  have  identical  effects  on  changes  in  thermoregula¬ 
tion  produced  by  exposure  to  7  rays  and  HZE  particles, 
similar  mechanisms  must  mediate  the  thermoregulatory 
responses  after  exposure  to  these  different  types  of  radia¬ 
tion.  This  observation,  that  similar  mechanisms  mediate  the 
response  of  the  organism  both  to  7  rays  and  to  ''^Fe  parti¬ 
cles,  is  in  agreement  with  the  report  that  lesions  of  the  area 
postrema  are  equally  effective  in  disrupting  the  acquisition 
of  a  conditioned  taste  aversion  produced  by  exposure  to 
both  types  of  radiation  (2).  Thus  the  present  results  would 
be  consistent  with  the  hypothesis  that  the  differences 
between  ^®Co  7  rays  and  ^^Fe  particles  seem  to  be  differ¬ 
ences  in  the  potency  with  which  these  types  of  radiation 
effect  changes,  either  directly  or  indirectly,  in  the  function¬ 
ing  of  the  nervous  system. 

In  summary,  the  present  results  show  that  exposure  to 
HZE  particles  produces  changes  in  the  regulation  of  body 
temperature  at  doses  that  are  significantly  lower  than  those 
needed  after  exposure  to  7  rays.  These  results  therefore 
extend  previous  research  which  used  a  variety  of  other  neu¬ 
rochemical  and  behavioral  end  points  (7-6)  to  the  mainte¬ 
nance  of  physiological  homeostasis.  Homeostatic  mecha¬ 
nisms,  including  regulation  of  body  temperature,  salt  bal¬ 
ance,  glucose  metabolism,  etc.,  function  to  maintain  a  rela¬ 
tively  constant  internal  environment  despite  wide  variations 
in  the  external  environment.  The  observation  that  exposure 
to  relatively  low  doses  of  heavy  charged  particles  (specifical¬ 
ly,  ^^Ne,  ^^Ar  and  ^^Fe)  can  disrupt  the  homeostatic  regula¬ 
tion  of  body  temperature  suggests  that  other  homeostatic 
systems  may  be  sensitive  to  low  doses  of  HZE  particles. 
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Because  changes  in  thermoregulation  produced  by  ionizing 
radiation  are  mediated  by  the  brain  (7),  these  results  suggest 
the  possibility  that  the  cumulative  effects  of  exposure  to 
HZE  particles  on  long-term  space  missions  beyond  the 
Earth’s  magnetosphere  could  result  in  a  disturbance  of 
homeostatic  processes  that  could  in  turn  affect  the  perfor¬ 
mance  capabilities  of  astronauts.  However,  because  the  flu- 
ences  of  HZE  particles  are  low  and  because  the  sensitivity 
of  humans  to  these  particles  is  unknown,  additional  research 
will  be  necessary,  at  some  point,  to  evaluate  this  possibility. 
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Administration  of  IL-1  and  stem  cell  factor  (SCF)  to  mice  18  h  before  lethal  ^^Co  whole-body  irradiation  resulted 
in  synergistic  radioprotection,  as  evidenced  by  increased  numbers  of  mice  surviving  1 ,200  to  1 ,300  cGy  doses  of 
radiation  and  the  recovery  of  increased  numbers  of  c-Zc/C^  bone  marrow  cells  at  1  and  4  days  after  the  lethal  dose 
of  950  cCy.  Anti-SCF  Ab  inhibited  IL-1  -induced  radioprotection,  indicating  that  endogenous  production  of  SCF  is 
necessary  tor  radioprotection  by  IL-1 .  Conversely,  radioprotection  induced  by  SCF  was  reduced  by  anti-IL-1  R  Ab, 
Indicating  that  endogenous  lL-1  contributes  to  SCF  radioprotection.  SCF,  unlike  IL-1 ,  does  not  induce  hemopoietic 
CSFs  and  IL-6  or  gene  expression  of  a  scavenging  mitochondrial  enzyme  manganese  superoxide  dismutase  in  the 
bone  marrow,  suggesting  that  SCF  and  IL-1  radioprotect  by  distinct  pathways.  The  mRNA  expression  for  c-kit  {by 
Northern  blot  analysis)  and  ^^^l-SCF  binding  on  bone  marrow  cells  was  elevated  within  2  and  4  h  of  IL-1  admin¬ 
istration  respectively.  Four  days  after  LD  100/30  radiation  the  recovery  of  c-/c/C  bone  marrow  cells  was  increased 
sixfold  in  IL-1 -treated  mice,  almost  20-fold  in  SCF-treated  mice,  and  40-fold  in  mice  treated  with  the  combination 
of  the  two  cytokines.  Thus,  endogenous  production  of  both  IL-1  and  SCF  is  required  for  resistance  to  lethal 
irradiation  and  the  synergistic  radioprotective  effect  of  the  two  cytokines  may,  in  part,  depend  on  lL-1  and  SCF- 
induced  increases  In  numbers  of  c-/c/C  hemopoietic  stem  and  progenitors  cells  that  survive  lethal  irradiation. 
The  Journal  of  Immunology,  1994,  153:  1536. 


Death  from  LD  100/30  of  ionizing  radiation  can  be 
prevented  by  a  supply  of  undamaged  bone  mar¬ 
row  cells  and  has  therefore  been  attributed  to  a 
lethal  hemopoietic  syndrome  (1).  The  death  of  animals 
receiving  LD  100/30  doses  of  radiation  can  also  be  pre¬ 
vented  by  administration  of  immunomodulatory  agents  or 
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proinfiammatory  cytokines  before  irradiation,  with  subse¬ 
quent  recovery  of  the  hemopoietic  system  (2-5).  We  have 
demonstrated  that,  in  the  case  of  immunomodulatory  LPS, 
the  radioprotective  effect  is  mediated  by  endogenously 
produced  proinfiammatory  cytokines,  IL-1  and  TNF,  be¬ 
cause  Abs  to  these  cytokines  block  LPS-induced  radiopro¬ 
tection  (6).  Radioprotection  with  IL-1  and  TNF  in  turn 
could  also  be  blocked  by  anti-IL-6  Ab  as  well  as  by  anti- 
TNF  and  anti-IL-lR  Abs  (6,  7),  providing  evidence  that 
obligatory  interaction  of  these  three  endogenously  pro¬ 
duced  cytokines  is  required  for  protection  by  IL-1  or  'T’NF 
from  lethal  hemopoietic  syndrome. 

Recently,  a  receptor  for  hemopoietic  cytokine  (c-kit) 
and  its  ligand  (SCF)^  have  been  identified  and  cloned  (8, 
9).  Numerous  studies  determined  that  SCF  synergizes  with 


^  Abbreviations  used  in  this  paper;  SCF,  kit  ligand;  BMC,  bone  marrow  cells; 
G-CSF,  granulocyte  CSF;  GM-CSF,  granulocyte-macrophage  CSF;  MnSOD, 
manganese  superoxide  dismutase;  PE,  phycoerythrin. 
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hemopoietic  cytokines  (lL-1,  lL-3,  GM-CSF,  G-CSF,  and 
lL-6)  to  stimulate  the  growth  of  hemopoietic  progenitor 
cells  in  vitro  and  stimulates  hemopoiesis  in  vivo  (10-14). 
The  SCF  receptor  (c-kit)  is  expressed  on  hemopoietic  stem 
cells  and  progenitor  cells  in  the  bone  marrow  (estimated  as 
0.05%  and  5%  of  the  total  bone  marrow  population,  re¬ 
spectively),  but  not  on  mature  neutrophils  or  nucleated 
erythroid  cells  (14-16).  Thus,  c^kit  provides  a  marker  for 
monitoring  changes  in  progenitor  populations.  Mice 
treated  with  Ab  to  c-kit  displayed  a  loss  of  hemopoietic 
progenitor  cells  (13). 

We  recently  demonstrated  that  Ab  to  SCF  blocks  IL-1 
and  LPS-induced  radioprotection  and  also  reduces  the  re¬ 
sistance  of  untreated  mice  to  radiation  lethality  (17).  This 
result  suggested  that  endogenous  SCF  may  be  the  penul¬ 
timate  mediator  required  for  radioprotection.  To  test  this 
hypothesis,  we  further  investigated  the  interaction  of  lL-1 
with  SCF  in  radioprotection.  In  this  report  we  present  re¬ 
sults  that  show  that  lL-1  contributes  to  SCF  radioprotec¬ 
tion,  that  lL-1  and  SCF  synergize  in  radioprotection,  and 
that  this  synergy  may  be  based  in  part  on  lL-1 -induced 
h'Creas'^.s  in  numbers  of  bone  marrow  cells  (BMC)  ex¬ 
pressing  c-kit,  which  suggests  that  lL-1  generates  more 
progenitor  cells  with  the  capacity  to  respond  more  effec¬ 
tively  to  SCF. 

Materials  and  Methods 

Mice 

B6D2F1  female  mice.  8  to  10  wks  old,  were  purchased  from  The  Jackson 
Laboratory  (Bar  Harbor,  ME).  Mice  were  handled  as  described  previ¬ 
ously  (6).  Adrenalectomized  mice  were  purchased  from  Charles 
River  Laboratories.  The  experiments  were  performed  within  2  wk  after 
adrenalectomy. 

Abs 

Rat  monoclonal  IgGI,  anti-IL-lR  Ab  (35F5),  and  anti-IL-6  (20F3)  were 
generous  gifts  from  Dr.  Richard  Chizzonite  (Hoffmann-La  Roche.  Nut- 
ley,  NJ)  and  Dr.  John  Abrams  (DNAX,  Palo  Alto,  CA),  respectively.  A 
rat  mAb  to  j3-galactosidase  (GL113)  was  used  as  a  control.  The  poly¬ 
clonal  anti-murine  SCF  Ab  was  generously  provided  by  Dr.  Douglas 
Williams  (Immunex,  Seattle.  WA).  Chromatographically  purified  rat  IgG 
(Sigma  Chemical  Co..  St.  Louis,  MO)  was  used  as  an  additional  control. 
R-phycoerythrin  (R-PE)-conjugated  rat  anti-mouse  c-kit  mAb  3  Cl 
(IgG2b),  and  PE-conjugated  rat  lgG2b  (control)  were  purchased  from 
PharM  ingen  (San  Diego,  CA). 

Treatment 

Human  rlL-l  (rHu  IL-la  117-271  Ro  24-5008  lot  IL  1  2/88,  activity 
3  X  10^  U/mg)  was  kindly  provided  by  Dr.  Peter  Lomedico  (Hoffmann- 
La  Roche). 

Rat  PEG-SCF  was  prepared  and  coupled  with  polyethylene  glycol  and 
was  kindly  provided  by  Dr.  Ian  McNiece,  (Amgen,  Thousand  Oaks,  Ca). 
PEG  was  used  as  a  control  for  its  nonspecific  effect  as  a  radioprotector. 
G-CSF  was  provided  by  Amgen,  and  IL-6  (SDZ  280-969,  Batch  PPG 
9001;  SA  5.2  X  10^  U/mg)  was  a  generous  gift  from  Dr.  E.  Liehl  (San- 
doz,  Vienna.  Austria).  The  Abs  and  recombinant  cytokines  were  diluted 
in  pyrogen-free  saline  on  the  day  of  injection.  Abs  or  control  Ig  were 
given  i.p.  6  to  20  h  before  i.p.  injection  of  5  /i.g/mouse  of  SCF.  Mice  were 
also  treated  with  I  /xg/mouse  of  IL-1,  3  /xg/mouse  of  SCF,  or  the  com¬ 
bination  thereof,  before  or  after  irradiation. 


Irradiation 

Mice  were  randomized,  placed  in  ventilated  Plexiglass  containers,  and 
bilaterally  irradiated  using  the  AFRRI  ^’^’Co  whole  body  irradiator.  Before 
irradiating  the  mice,  the  midline  tissue  (MLT)  dose  rate  was  measured  hy 
placing  a  0.5-cc  tissue  equivalent  in  the  ionization  chamber  (calibration 
factor  traceable  to  the  National  Institute  of  Standards  and  Technology)  at 
the  center  of  2.5-cm  diameter,  cylindrical  acrylic  mouse  phantom.  The 
tissue-to-air  ratio  (TAR),  dose  ratio  was  0.96.  and  the  field  was  uniform 
to  within  ±  5%.  Exposure  time  was  adjusted  so  that  each  animal  received 
the  specified  dose  at  a  fixed  MLT  dose  rate  of  0.4  Gy/min.  Dosimetric 
measurements  were  made  in  accordance  with  the  American  Association 
of  Physics  in  Medicine  protocol  for  the  determination  of  absorbed  dose 
from  high-energy  photon  and  electron  beams.  The  number  of  surviving 
mice  was  recorded  daily  for  30  days. 

FACS  Analysis 

BMC  were  obtained  by  flushing  femurs  into  RPMl  media  containing 
FCS.  After  washing,  cells  were  counted  and  resuspended  in  Dulbecco's 
PBS  with  2%  FCS  at  the  concentration  of  2  X  lO'Vml.  Cells  were  stained 
for  30  min  with  10  /xg/ml  of  either  PE-conjugated  anti-murine  c-kit  Ab 
(3C1)  or  PE-conjugated,  control  IgG2b.  The  cells  were  washed  twice  and 
resu.spended  In  1  ml  of  2%  FCS-Dulhecco  PBS.  The  percentage  of  c-kii  ‘ 
cells  were  calculated  by  subtracting  the  percentage  of  cells  stained  with 
control  Ab  from  percentage  of  cells  stained  with  c-kit  Ab.  In  e.xperiments 
in  which  bone  marrow  cells  from  irradiated  mice  were  evaluated,  each 
group  consisted  of  a  pool  from  eight  femurs  at  I  day  (D+1)  and  14 
femurs  at  4  days  (D-l-4)  after  irradiation.  Normal,  nonirradiated  mice 
were  examined  individually,  with  pools  of  cells  from  both  femurs. 

Immunofluorescence  analysis  was  performed  with  an  EPICS  ELITE 
flow  cytometer  (Coulter  Cytometry,  Miami.  FL)  using  logarithmic  am¬ 
plification.  RBCs,  platelets,  and  debris  were  excluded  from  the  analysis 
on  the  basis  of  light  scatter  criteria.  Twenty-live  thousand  cells  were 
counted  for  each  histogram. 

SCF  binding  to  BMC 

Mouse  rSCF  was  iodinated  by  the  chloramine  T  method,  which  yielded 
‘■'"^I-SCF  preparations  with  sp.  act.  of  approximately  20  ^Ci.>Lg  protein. 
BMC  (5  X  10**)  were  distributed  in  duplicate  Eppendorf  tuhes  containing 
200  /xl  binding  medium  (RPMl  1640.  25  mM  HEPES.  L7  BSA.  0.05% 
sodium  azide)  and  0.5  ng  ‘“‘’I-SCF  corresponding  to  approximately  10^ 
cpm.  Parallel  duplicate  tubes  contained  the  400-fold  excess  of  unlabeled 
SCF.  The  cells  were  incubated  at  4°C  overnight,  under  rotation,  and 
centrifuged  through  a  10%  sucrose-PBS  cushion.  The  tips  of  the  tuhes 
with  cell  pellets  were  removed,  and  the  radioactivity  was  measured  in  a 
gamma  counter  (Gamma  400.  Beckman  Instruments.  Fullerton.  CA). 
Nonspecific  binding  determined  in  the  pre.sencc  of  unlaheled  SCF  was 
subtracted  from  total  binding  to  obtain  specific  binding. 

For  steady-state  binding,  cells  were  incuhated  in  duplicate  with  dif¬ 
ferent  concentrations  of  '"^I-murine  SCF.  Matching  replicates  also  con¬ 
tained  a  100-fold  excess  of  unlabeled  ligand.  The  radioactivity  associated 
with  cell  pellets  was  measured  as  in  standard  binding  assays.  To  estimate 
the  binding  sites  per  cell  and  the  values,  a  nonlinear  regression  cal¬ 
culation  was  used  (18).  In  all  cases,  complete  sets  of  data  generated  in  the 
assays  were  used  in  the  analysis.  Scatchard  plots  were  reformatted  pre¬ 
sentations  of  nonlinear  regression. 

RNA  extraction  and  Northern  blot  analysis 

BMC  collected  from  six  femurs/group  were  pelleted  and  total  cellular 
RNA  was  isolated  by  acid  guanidine  thiocyanate-phenol-chloroform  ex¬ 
traction  according  to  Chomezynski  and  Sacchi  (19).  RNA  was  separated 
by  electrophoresis  on  1%  agarose  and  transferred  onto  a  Hybond-N  (Am- 
ersham,  Oakville,  Canada)  membrane  for  Northern  blot  analysis.  Mem¬ 
branes  were  prehydrated  for  4  h  in  a  mixture  containing  120  mM  Tris,  8 
mM  EDTA,  0.1%  NaPP,  0.2%  SDS,  and  100  /xg/ml  heparin.  Hybridiza¬ 
tion  was  conducted  overnight  at  68°C  in  prehybridization  buffer  contain¬ 
ing  625  /xg/ml  heparin  and  10%  dextran  sulfate.  The  murine  c-kit  probe 
was  a  3710-bp  £coRl-Hind31  insert  of  the  c-kit  cDNA  clone  pGEM3 
(c-kitS)  and  the  human  superoxide  dismutase  probe  was  a  0.1 -Kb  Fst\ 
insert  of  the  SODI  cDNA  clone,  pSP  64  cSOD.  The  c-kit  probe  was 
further  fragmented  with  Dra\-Acc\  and  the  fragments  were  labeled  using 
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Table  I .  Elfect  of  anti-IL- IRAb  on  SCF-induced  radioprotection^ 


T  reatment 

Dead/Tested 

%  Survival 

Saline 

30/30 

0 

Saline  -L  SCF 

11/30 

63 

Rat  Ig  -H  SCF 

12/33 

64 

Anti-IL-1  R  +  SCF 

24/32 

25* 

B6D2F1  mice  received  1 00  ^g/mouse  anti-IL-1  R  Ab  or  rat  IgC  6  h  before 
administration  of  3  ^tg/mouse  of  SCF.  Twenty-four  hours  later,  mice  were  ir¬ 
radiated  with  1050  cGy  ^”Co  source.  The  30-day  survival  of  mice  receiving 
anti-IL-1  R  Ab  and  SCF  was  signficantly  lower  (*  indicates  p  <  0.001 )  than  that 
of  control  saline  and  rat  Ig-pretreated  SCF-radioprotected  mice. 


a  multiprime  DNA  labeling  system  (Amersham),  with  [a-^^P]dCTP  (sp. 
act.  >3000  Ci/mM.  Amersham).  The  membranes  were  then  washed  once 
at  room  temperature  for  20  min  in  2X  SSC,  0.1%  SDS  at  68°C  for  60 
min,  and  then  rinsed  at  room  temperature  with  O.IX  SSC.  The  mem- 
hranes  were  exposed  to  Kodak  XAR-5  film  (Eastman  Kodak,  Rochester, 
NY)  with  intensifying  screens  at  -80°C.  Signal  intensity  was  quantified 
hy  densitometry  using  a  Pharmacia  LKB  Ultrascan  XL  (Pharmacia,  Can¬ 
ada).  As  a  control  for  RNA  integrity,  blots  were  rehybridized  with  a  1-kb 
Pat\  cDNA  probe  (American  Tissue  Culture  Collection,  Rockville,  MD) 
of  the  housekeeping  gene  glyceraldehyde  phosphate  dehydrogenase 
(GAPDH). 

CSF,  IL-6,  and  fibrinogen  assays 

Circulating  CSF  and  IL-6  were  determined  in  the  sera  of  mice  bled  2  to 
3  h  after  treatment  with  IL-I  or  SCF,  as  previously  described  (20).  Fi¬ 
brinogen  was  determined  in  the  citrated  plasma  of  such  mice  bled  18  h 
after  treatment,  by  the  rate  of  conversion  of  fibrinogen  to  fibrin  in  the 
presence  of  excess  thrombin,  using  a  Sigma  Chemical  Company  Diag¬ 
nostic  Kit. 

Statistical  analysis 

Statistical  evaluation  of  the  results  was  conducted  using  analysis,  pro- 
hit  analysis,  and  analysis  of  variance  followed  by  a  Bonferroni  corrected 
r-icst. 

Results 

Elfect  of  anti-IL-l R  Ab  on  SCF  radioprotection 

To  examine  whether  endogenously  produced  IL-1  contrib¬ 
utes  to  SCF-induced  radioprotection,  mice  were  treated 
with  100  /xg/mouse  of  anti-IL-1  R  Ab,  rat  IgG  at  an  equiv¬ 
alent  do.se  or  saline,  and  6  h  later  with  a  single  dose  of  3 
jtxg/mouse  PEG-SCF.  Whereas  at  a  dose  of  1,050  cGy  of 
radiation,  63%  of  saline  pretreated  and  64%  of  IgG  pre¬ 
treated  mice  were  protected  from  death  by  SCF,  only  25% 
of  mice  receiving  anti-IL- IR  Ab  and  SCF  survived  irra¬ 
diation  (Table  1).  Thus,  although  anti-IL-lR  Ab  did  not 
entirely  abolish  the  survival-enhancing  effect  of  SCF,  it 
reversed  the  protective  effect  by  40%,  indicating  that  IL-1 
contributes  to  radioprotection  of  SCF-treated  mice. 

Effect  of  anthlL-1  and  anthlL-6  Abs  on  survival  of 
anti-SCF  Ab-treated  mice 

Our  previous  work  showed  reduced  incidence  of  survival 
after  LD  50/30  (875  cGy)  irradiation  of  mice  treated  with 
anti-SCF,  anti-IL- IR,  or  anti-IL-6  Abs  (6,  7).  To  evaluate 
the  contribution  of  endogenous  IL  -1  and  IL-6  in  addition 
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FIGURE  1 .  Abs  to  lL-1  R  and  IL-6  further  reduce  survival  of 
anti-SCF  Ab-treated,  irradiated  mice.  Groups  of  B6D2F1 
mice  (16  to  26  per  group  in  two  to  three  separate  experi¬ 
ments)  received  rat  IgG,  1:10  dilution  of  rabbit  preimmune 
serum,  1:10  and  1:20  dilution  of  rabbit  anti-SCF  Ab,  or  the 
combination  of  anti-SCF  Ab  with  1 00  /xg/mouse  of  anti-lL-1  R 
Ab  and  600  /xg/mouse  of  anti-IL-6  Ab  (as  indicated).  The 
mice  were  exposed  a  day  later  to  a  sublethal  750  cGy  dose 
^®Co  irradiation  {LD50/30  =  866  cGy).  The  survival  of  mice 
that  received  the  combination  of  Abs  was  significantly  lower 
(p  <  0.01)  than  that  of  mice  treated  with  anti-SCF  alone. 

to  SCF,  mice  were  given  the  Abs  in  combination.  The 
results  in  Figure  1  indicate  that  addition  of  anti-IL-1  R  and 
anti-IL-6  Abs  further  reduced  survival  significantly,  at 
nonlethal  750  cGy  irradiation  of  anti-SCF  Ab-treated  mice 
suggesting  that  IL-1,  IL-6,  and  SCF  are  mutually  interde¬ 
pendent  in  protecting  mice  from  lethal  irradiation. 

Effect  of  combinations  of  IL-1  and  SCF  in  protection 
from  lethal  irradiation 

The  observed  codependence  of  SCF-  and  IL-l-induced  ra¬ 
dioprotection  led  us  to  examine  the  effect  of  their  com¬ 
bined  administration  on  survival  of  irradiated  mice.  We 
chose  the  doses  of  3  /xg/mouse  of  SCF  and  1  /xg/mouse  of 
IL-1,  because  5  /xg  of  SCF  and  3  /xg  of  IL-1  conferred 
identical  protection.  Results  in  Figure  2  document  that  a 
single  injection  of  both  cytokines  18  h  before  irradiation 
resulted  in  synergistic  radioprotection  at  1200  to  1300  cGy 
doses  of  radiation.  Whereas  the  control  saline-treated  mice 
had  an  LD50/30  of  866  cGy  (95%  confidence  limits:  828 
to  888),  IL-l-treated  LD50/30  of  1009  cGy  (991  to  1034), 
and  SCF-treated  mice  LD50/30  of  1106  cGy  (1048  to 
1194),  and  the  combination  of  the  two  cytokines  resulted 
in  an  LD50/30  of  1273  (1248  to  1317)  cGy.  Administra¬ 
tion  of  both  cytokines  48  or  4  h  before  or  1  h  after  irra¬ 
diation  (Table  II)  had  either  a  greatly  reduced  effect  (at  4  h 
before)  or  no  effect  (at  48  h  before  or  1  h  after).  As  was  the 
case  with  IL-1,  SCF  given  alone  48  h  before  or  1  h  after 
irradiation  did  not  afford  significant  protection. 

The  radioprotective  effect  of  SCF  was  not  associated 
with  the  induction  of  early  or  late  acute  serum  proteins 
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FIGURE  2.  Effect  of  treatment  with  IL-1 ,  SCF,  or  their  com¬ 
bination  on  survival  of  B6D2F1  lethally  irradiated  mice.  Mice 
received  i.p.  1  ixg  IL-1,  3  fxg  SCF,  their  combinations,  or  sa¬ 
line;  and  18  h  later  received  ^®Co  radiation  in  doses  indi¬ 
cated.  Survival  was  recorded  daily  for  30  days  and  plotted 
using  probit  analysis.  The  numbers  indicate  the  number  of 
mice  per  given  treatment. 


Table  II.  Survival  percentage  of  mice  receiving  IL-1  and  SCF 
treatment  before  and  after  irradiation’^ 


Treatment 

48  h  Before 

4  h  Before 

1  h  After 

1000  cGy 

1000  cGy 

1050  cGy 

1 000  cGy 

Saline 

0 

0 

0 

0 

IL-1 

0 

25* 

10 

0 

SCF 

0 

19* 

0 

0 

SCF  +  IL-1 

0 

75* 

0 

0 

B6D2F1  mice  {10  to  16  mice  per  group)  were  administered  i.p.  1  gg  of 
IL-1 ,  3  /ig  of  SCF,  or  their  combination,  before  or  after  irradiation.  Survival  of 
mice  was  recorded  daily  for  30  days. 

*  Significantly  lower  (p  <  0.01)  than  survival  obtained  with  8-h  pretreat¬ 
ment  (see  Fig.  2). 


Table  ill.  Comparison  of  IL-1  and  SCF  for  induction  of  CSF,  IL-6, 
and  fibrinogen^ 


Treatment 

Fibrinogen 

(mg/dcl) 

CSF 

(U/ml) 

IL-6 

(pg/ml) 

Saline 

203.6  ±  4 

<20 

<50 

IL-1 

384.0  ±  16* 

2513  ±  388* 

1600 

SCF 

188.0  ±  3 

<20 

<20 

Mice  received  i.p.  1  p,g/mouse  of  IL-1 ,  S  p,g/mouse  SCF,  or  saline  (control) 
and  were  bled  2  to  3  h  later  to  determine  CSF  and  IL-6  or  18  h  later,  for 
fibrinogen  determination. 

*  p  <  0.01  compared  to  control. 


such  as  IL-6,  CSF,  or  fibrinogen,  all  of  which  are  induced 
with  IL-1  (Table  III).  Similarly,  SCF  treatment,  in  contrast 
with  IL-1,  did  not  up-regulate  the  mRNA  for  MnSOD 
(Fig.  3). 

Determination  of  changes  in  c-kit  expression  by  BMC 

Both  IL-1  and  SCF  were  reported  to  induce  BMC  cycling 
and  increases  in  progenitor  compartment  (21,  22).  Such 
changes  should  be  reflected  in  increased  numbers  of 
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FIGURE  3.  IL-1,  but  not  SCF,  induces  MnSOD  gene  expres¬ 

sion.  Groups  of  mice  (4  mice/group)  received  i.p.  1  p.g  IL-1,  3 
pg  SCF,  or  saline.  BMC  were  obtained  4  h  alter  injections  (see 
Materials  and  Methods  for  details  of  procedures). 


Table  IV.  The  effect  of  treatment  of  mice  with  cytokines  on  the 
recovery  of  c-kiC  BMC  after  950  cGy  irradiation'" 


T  reatment 

Day  0 

Day  4-1 

Dav  -4 

c-kiC 

cells/femur 

(X10'‘) 

c-kit' 

cells/femur 
(X  10'') 

ikit’ 

( t4k  frmur 
<  ^  I()‘i 

Saline 

2.6  ±  1.4 

2.0  ±  0.1 

0.3  r  O.I 

IL-1 

3.6  ±  1.8 

6.0  H:  1.4* 

1.9  -  0.9'’ 

SCF 

2.0  ±  0.2 

2.5 

5.7  -  5.5* 

IL-1  +  SCF 

2.3  ±  1.3 

1+ 

o 

bo 

12.0  r  2.0** 

^Mice  received  I.p.  1  jLig/mouse  of  IL-1,  3  /xg/mouse  of  SCT.  alone  or  in 
combination,  or  saline  and  18  h  later,  9S0  cGy  '’"Co  irradiation.  BMC  were 
obtained  from  unirradiated  mice  (D  0)  and  at  1  day  and  4  d<iv^>  after  irr.uJiation. 
Each  group  of  mice  consisted  of  a  pool  of  eight  femurs  tD  0.  D  1 1  and  14 
femurs  (D  +  4).  The  results  are  the  mean  ±  SD  of  two  experiments.  The 
numbers  of  c-kiC  cells  were  significantly  higher  than  in  control,  saline-treated 
mice. 

^p  =  0.063;  *p  <  O.OS;  **  p  <  0.01 . 


BMC,  as  c-kit  is  expressed  on  stem  cells  and  all  immature 
progenitors,  but  not  on  mature  neutrophils,  nucleated  eryth¬ 
rocytes,  or  macrophages  (13,  14).  To  determine  whether 
treatment  with  cytokines  before  radiation  results  in  an  im¬ 
proved  survival  of  progenitor  and  stem  cells,  FACS  analysis 
was  used  to  compare  the  numbers  of  c-kiC  BMC  fi'om  cy¬ 
tokine  and  saline  control-treated  lethally  irradiated  mice.  As 
shown  in  Table  IV,  BMC  obtained  fi'om  IL-1-,  SCF-  or 
IL-1  4-  SCF-treated  mice  1  day  after  lethal  (LD  100/30)  ir¬ 
radiation  (950  cGy)  had  increased  numbers  of  surviving 
c-kiC  cells  compared  with  control  saline-treated  mice.  At  4 
days  after  irradiation,  with  progressive  loss  of  total  nucleated 
BMC,  these  differences  became  more  striking,  with  IL-1- 
treated  mice  showing  a  sixfold  increase,  SCF-treated  mice. 
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Table  V.  Effect  of  treatment  of  mice  with  IL-l,  SCF  alone,  or  the 
two  in  combination  on  specific  binding  of  ^'^l-SCF  on  BMC^ 


Treatment 

4  h 

10  h 

24  h 

48  h 

IL-1 

47% 

65% 

26.5  ±  0.5% 

62  ±  2% 

SCF 

ND 

ND 

32.5  ±  4.5% 

63  i  1 8% 

IL-1  +  SCF 

ND 

ND 

67  ±  1 1  %* 

105  ±  30%* 

^Mice  received  cytokines  as  specified  in  Table  IV.  BMC  were  treated  as 
specified  in  Materials  and  Methods.  The  results  are  expressed  as  percentage  of 
specific  binding  above  that  of  specific  binding  of  control  BMC.  Each  experi¬ 
mental  group  consisted  of  four  mice.  The  results  for  24  and  48  h  are  the 
mean  ±  SD  of  two  separate  experiments. 

*  Statistical  comparisons  at  24  and  48  h  for  each  of  the  sum  of  specific 
binding  for  IL-1  and  SCF  with  that  for  the  combination  treatment  do  not  reject 
(p  >  0.1)  the  hypothesis  that  the  treatment  effects  are  additive. 


Table  VI.  The  effect  of  adrenalectomy  on  specific  binding  of  ^^^1- 
SCF  on  BMC  of  IL-1-  vs  saline-treated  m/ce** 


Saline 

IL-1  (0.1  /Ltg) 

%  Increase 

ADX.  1 

1030* 

2867 

178 

ADX.  II 

879 

1472 

70 

Sham  ADX 

1092 

1455 

33 

•*  Adrenalectomized  (ADX  I  and  ADX  II)  or  sham-adrenalectomized  mice 
(four  mice  per  group)  received  i.p.  saline  or  IL-1  injections  and  BMC  were 
obtained  4  h  later  for  the  binding  assay. 

•  Specific  binding  (cpm)  calculated  as  indicated  in  Materials  and  Methods. 
For  comparison,  see  Table  5. 

an  approximately  2()-fold  increase  and  lL-1-  and  SCF-treated 
mice,  a  4()-fold  increase  in  BMC  per  femur,  relative  to 
saline  control.  Because  the  nadir  in  the  BMC  number  occurs 
at  3  days  after  irradiation,  these  results  suggest  that  a  sub¬ 
stantially  greater  number  of  c-kit^  BMC  survive  lethal  doses 
of  radiation  in  mice  pretreated  with  lL-1,  SCF,  or  their 
combinations. 

Repealed  attempts  to  establish  that,  in  normal  unirradi¬ 
ated  mice,  treatment  with  lL-1,  SCF,  and  their  combina¬ 
tion  results  in  increased  numbers  of  c-kit^  BMC  within 
24  h,  were  not  successful.  This  may  be  a  result  of  an  in¬ 
crease  in  only  a  small  cohort  of  BMC,  i.e.,  selected  pop¬ 
ulations  of  early  progenitor  cells. 

Effect  of  IL-1  on  SCF  binding  by  BMC 

Therefore,  we  have  examined  the  changes  in  c-kiC  BMC 
by  evaluating  SCF  binding  to  such  cells.  A  binding  assay 
of  radiolabeled  ligand  provides  a  sensitive  means  of  as¬ 
sessing  changes  in  the  numbers  and  affinity  of  receptors. 
Administration  of  1  /Ltg/mouse  of  IL-1,  a  dose  used  in  a 
combined  IL-l/SCF  radioprotective  treatment,  increased 
binding  of  radiolabeled  SCF  (Table  V).  In  contrast  with 
our  previous  observation  that  IL-1 -induced  up-regulation 
of  IL-IR  on  BMC  was  mediated  by  corticosteroid  and  G- 
eSF  (23),  G-CSF  in  doses  ranging  from  0.3  to  5  /LLg/mouse 
did  not  up-regulate  SCF  binding  (results  not  shown),  and 
adrenalectomized  mice  did  not  differ  from  normal  mice  in 
up-regulation  of  SCF  binding  in  response  to  IL-1  (Table 
VI).  Furthermore,  treatment  with  dexamethasone  at  2  and 
10  /xg/mouse  did  not  affect  SCF  binding  on  normal  BMC 
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(data  not  shown).  SCF  treatment  resulted  in  similar  in¬ 
creases  as  IL-1  in  *^^1-SCF  binding  on  BMC,  and  the  com¬ 
bined  treatment  of  lL-1  and  SCF  resulted  in  an  approxi¬ 
mately  additive  effect  (Table  V). 

Scatchard  analysis  performed  with  normal  cells  and 
cells  from  mice  treated  for  10  and  48  h  with  lL-1  showed 
increases  of  25  and  50%,  respectively,  in  the  number  of 
receptors/cell  with  no  change  in  affinity  (Fig.  4).  Previous 
reports  determined  two  affinities  (10“**  /Cj,  and  10“^ 
for  human  c-kit  receptors  (24,  25).  However,  in  our  study 
only  one  affinity  (10”^  K^)  receptor  can  be  detected  on 
murine  BMC.  Although  the  results  are  expressed  as  num¬ 
bers  of  receptors  per  cell,  we  actually  determined  an  in¬ 
crease  in  total  numbers  of  receptors  on  populations  of 
BMC.  Because  less  than  5%  of  BMC  express  c-kit  recep¬ 
tors,  and  the  number  of  receptors  decreases  with  BMC 
lineage  differentiation,  we  could  not  distinguish  whether 
such  an  increase  reflects  greater  numbers  of  cells  with  high 
or  low  receptor  expression  or  the  combination  of  the  two. 

Effect  of  IL- 1  treatment  on  c-kit  gene  expression 

To  determine  that  the  up-regulation  of  SCF  binding  on  the 
lL-1 -treated  BMC  was  associated  with  increased  c-kit 
gene  expression,  a  Northern  blot  analysis  was  performed 
to  compare  mRNA  for  c-kit  in  saline  with  that  of  IL-1- 
treated  BMC.  Results  (Fig.  5)  demonstrate  that  IL-1  in¬ 
duced  dose-dependent  increases  in  c-kit  mRNA,  which 
could  be  detected  within  2  h  of  IL-1  treatment  and,  which 
peaked  at  6  h.  In  contrast,  treatment  with  lL-6  did  not 
up-regulate  c-kit  gene  expression  (Fig.  6). 

Discussion 

Our  previous  studies  using  Abs  to  SCF  and  IL-IR  sug¬ 
gested  that  endogenous  production  of  both  cytokines  is 
required  to  protect  mice  treated  with  LPS  or  lL-1  from 
lethal  radiation  (17).  This  study  further  establishes  that 
radioprotection  with  SCF  requires  the  participation  of  lL-1 
(Table  1)  and  that  lL-1  and  SCF  protect  synergistically  at 
1200  to  1300  cGy  doses  of  radiation  (Fig.  2).  This  syner¬ 
gistic  protection  is  evidenced  by  an  increase  in  the  per¬ 
centage  of  mice  surviving  doses  of  radiation  over  45% 
greater  than  LD  100/30. 

There  is  considerable  evidence  that  administration  of 
lL-1  induces  an  increase  in  numbers  of  progenitor  cells. 
We  and  others  previously  observed  that  lL-1  increased 
cycling  of  hemopoietic  progenitor  cells  and  progressively 
increased  proliferative  expansion  of  myeloid  progenitor 
cells  in  the  marrow  from  6  to  48  h  (21,  26,  27).  In  a  more 
recent  study,  Hestdal  et  al.  (28)  demonstrated  that  lL-1 
treatment  of  mice  results  within  24  h  in  a  fivefold  up- 
regulation  of  HPP-CFC  and  twofold  to  threefold  up-reg¬ 
ulation  of  CFU-c  when  grown  in  the  presence  of  GM-CSF 
or  IL-3.  In  this  study,  we  found  a  50%  increase  in  tran¬ 
scription  of  c-kit,  a  phenotypic  marker  of  progenitor  cells, 
and  a  50%  increase  in  SCF  binding  as  early  as  2  and  4  h. 
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FIGURE  4.  Binding  of  ^^^1-SCF  to  murine  BMC.  Cells  (5  X 
10^)  in  200  /aI  of  binding  medium  were  incubated  in  dupli¬ 
cate  with  different  concentrations  of  ^^^l-SCF.  Matching  rep¬ 
licates  also  contained  100-fold  of  unlabeled  SCF.  Receptor 
number  S(R)  and  values  were  analyzed  as  described  in 
Materials  and  Methods.  Scatchard  plots  from  one  of  two  ex¬ 
periments  with  virtually  similar  results  represent:  Panel  a) 
BMC  obtained  from  untreated  mice;  b)  BMC  from  mice 
treated  with  IL-1  (1  /xg/mouse)  after  10  h;  c)  BMC  from  mice 
treated  with  IL-1  after  48  h. 


respectively,  after  IL-1  treatment.  These  results  are 
strengthened  by  the  equilibrium  binding  studies  with 
SCF,  which  show  that,  within  10  h  after  IL-1  treatment, 
BMC  express  25%  more  c~kit  receptors.  Despite  such  in¬ 
creases  in  c-kit  expression,  a  significant  increase  in  num¬ 


bers  of  BMC  was  not  observed  by  FACS  analysis. 
Taken  together,  our  results  suggest  that  the  observed  in¬ 
crease  in  binding  sites  may  occur  on  progenitor  cells  ex¬ 
pressing  more  receptors. 

The  stimulating  effects  of  lL-1  on  progenitor  cells  and 
hemopoiesis  may  contribute  to  its  radioprotective  effects. 
The  hemopoietic  effects  may  depend  in  part  on  the  ability 
of  lL-1  to  induce  hemopoietic  IL-6  and  CSFs  (29,  30).  In 
addition,  11-1  induction  of  the  scavenging  mitochondrial 
enzyme,  MnSOD  in  BMC  (Ref.  31,  and  confirmed  in  our 
study),  and  its  ability  in  vivo  to  induce  BMC  to  enter  a 
relatively  radioresistant  S  phase  of  cell  cycle  (21),  should 
contribute  to  radioprotection.  Most  recently,  Zucali  et  al. 
have  shown  that  in  vitro  treatment  with  lL-1  of  male 
mouse  BMC  and  irradiation  results  in  greater  survival  than 
treatment  without  lL-1,  of  short-term  and  long-term  re¬ 
populating  stem  cells  transferred  to  female  mice  (32). 
These  results  clearly  document,  for  the  first  time,  the  direct 
radioprotective  effects  of  IL-1  on  hemopoietic  stem  and 
progenitor  cells.  In  our  study,  1  day  after  lethal  irradiation 
the  total  number  of  c-kit^  BMC  in  the  femurs  of  IL-1- 
treated  and  IL-1-  and  SCF-treated  mice  were  threefold  and 
fivefold  greater,  respectively,  than  that  in  control  saline- 
treated  mice.  This  provides  evidence  that  in  vivo  IL-l  ac¬ 
tually  has  the  capacity  to  induce  increases  in  numbers  of 
progenitor  cells  surviving  lethal  irradiation. 

As  with  IL-1,  SCF  treatment  of  mice  given  in  two  in¬ 
jections  before  irradiation,  increased  the  numbers  of  sur¬ 
viving  mice  concomitant  with  hemopoietic  recovery  evi¬ 
dent  within  6  to  10  days  after  irradiation  (33).  Our  work 
confirms  and  extends  these  findings  by  demonstrating  that 
even  a  single  injection  of  SCF  is  highly  radioprotective. 
However,  as  shown  in  this  report,  SCF  does  not  induce 
production  of  hemopoietic  growth  factors  (CSF),  lL-6, 
acute  phase  response,  or  MnSOD,  all  believed  to  contrib¬ 
ute  to  radioprotection  by  IL-1.  Despite  this,  multiple  doses 
of  SCF  in  several  previous  reports  (22,  34,  35)  and  a  single 
injection,  as  shown  in  this  study,  induce  hemopoietic  ex¬ 
pansion.  Because  in  multiple  reports  SCF  was  shown  to 
require  costimulatory  addition  of  CSFs  to  induce  in  vitro 
proliferation  of  hemopoietic  colonies,  it  is  likely  that  these 
growth  factors  are  available  in  sufficient  supply  in  vivo  to 
allow  hemopoietic  expansion. 

In  contrast  with  IL-1  and  SCF,  well-known  hemopoietic 
cytokines,  such  as  G-CSF  and  lL-6,  promote  in  vitro  ex¬ 
pansion  of  hemopoietic  cells,  yet  their  in  vivo  hemopoietic 
effects  as  shown  here  and  elsewhere  (36)  are  much  more 
limited  than  these  of  IL-1  or  SCF.  Possibly  this  is  because 
IL-6  and  G-CSF  do  not  cause  an  increase  in  the  expression 
of  c-kit  by  BMC.  In  fact,  hemopoietic  growth  factors  IL-3 
and  GM-CSF  are  reported  to  actually  down-regulate  the 
expression  of  mRNA  for  c-kit  on  mast  cells  and  progenitor 
cell  lines  (37),  which  is  consistent  with  the  role  of  these 
factors  in  promoting  differentiation  of  progenitor  cells. 
These  contrasting  in  vivo  and  in  vitro  hemopoietic  effects 
support  the  fundamental  importance  of  IL-1  and  SCF  in 
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FIGURE  5.  Effect  of  treatment  with  IL-1 
on  c-kit  gene  expression.  Pane!  a)  mice 
were  treated  with  0.1  and  1 .0  /Ag/mouse  of 
lL-1  or  saline  and  4  h  later  BMC  were  har¬ 
vested  for  Northern  blot  analysis.  Panel  b) 
BMC  from  mice  receiving  1 .0  pig/mouse  of 
IL-1  were  assessed  at  different  times  for  c-kit 
mRNA  expression.  Each  group  represents  a 
pool  of  BMC  from  four  mice. 


B 


Time  after  IL-1  injection  (hrs) 


m 


Treatments 

FIGURE  6.  Comparison  of  treatment  of  IL-1  vs  IL-6  on  c-kit 
gene  expression.  Mice  were  treated  with  1  fxg  of  IL-1  or  2  p,g 
of  IL-6  or  saline  and  BMC  were  recovered  4  h  later  for  North¬ 
ern  blot  analysis.  Each  group  represents  a  pool  of  four  mice. 

increasing  the  numbers  of  c-kit^  progenitor  cells  and,  thus, 
facilitating  hemopoietic  recovery  from  radiation. 

The  mechanism  of  radioprotection  with  SCF  remains  to 
be  established.  The  findings  that  SCF  acts  as  a  most  potent 


comitogen  on  multilineage  cells  (10-14)  and  that  Ab  to 
SCF  increases  lethality  of  irradiation  to  mice  (17)  provide 
strong  evidence  that  SCF  is  required  for  the  regeneration 
of  hemopoiesis.  If  such  were  the  case,  however,  merely 
supplying  SCF  after  irradiation  should  suffice  for  this  ef¬ 
fect.  Yet  SCF  administration  at  1  h  after  irradiation  (Table 
11)  did  not  result  in  significant  radioprotection.  Thus  a  lag 
period  similar  to  that  required  fo:  lL-1  is  also  required  for 
radioprotection  with  SCF.  Such  results  would  suggest  that 
the  increase  in  numbers  of  progenitor  cells  in  the  BM  be¬ 
fore  irradiation  may  account  for  the  observed  increase  in 
resistance  to  radiation  conferred  by  these  two  cytokines. 
However,  the  findings  that  the  radioprotective  effect  of 
lL-1,  SCF,  or  their  combination  cannofbe  demonstrated 
48  h  after  their  administration  (Table  11),  despite  a  pro¬ 
gressive  increase  in  numbers  of  progenitor  cells,  suggest 
that  either  differentiation  of  these  cells  or,  as  previously 
suggested  (21,  33),  a  particular  phase  in  their  cycle  con¬ 
tribute  to  radioprotection. 
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Prompt,  cytokine-mediated  restoration  of  hematopoiesis  is  a  prerequisite  for  survival  after  irradiation.  Therapy  with 
biologic  response  modifiers  (BRMs),  such  as  LPS,  3D  monophosphoryl  lipid  A  (MPL),  and  synthetic  trehalose  dico- 
rynomycolate  (S-TDCM)  presumably  accelerates  hematopoietic  recovery  after  irradiation  by  enhancing  expression  of 
cytokines.  However,  the  kinetics  of  the  cytokine  gene  response  to  BRMs  and/or  irradiation  are  poorly  defined.  One  hour 
after  sublethal  (7.0  Gy)  ^^Cobalt  gamma  irradiation,  B6D2F1/J  female  mice  received  a  single  i.p.  injection  of  LPS,  MPL, 
S-TDCM,  an  extract  from  Serratia  marcescens  (Sm-BRM),  or  Tween  80  in  saline  (TS).  Five  hours  later,  a  quantitative 
reverse  transcription-PCR  assay  demonstrated  marked  splenic  gene  expression  for  IL-1  j3,  IL-3,  IL-6,  and  granulocyte-CSF 
(G-CSF).  Enhanced  gene  expression  for  TNF-a,  macrophage-CSF  (M-CSF),  and  stem  cell  factor  (SCF)  was  not  detected. 
Injection  of  any  BRM  further  enhanced  cytokine  gene  expression  and  plasma  levels  of  CSF  activity  within  24  h  after 
irradiation  and  hastened  bone  marrow  recovery.  Mice  injected  with  S-TDCM  or  Sm-BRM  sustained  expression  of  the 
IL-6  gene  for  at  least  24  h  after  irradiation.  Sm-BRM-treated  mice  exhibited  greater  gene  expression  for  IL-ljB,  IL-3, 
TNF-q:,  and  G-CSF  at  day  1  than  any  other  BRM.  When  challenged  with  2  LD5Q/30  of  Klebsiella  pneumoniae  4  days 
after  irradiation,  100%  of  Sm-BRM-treated  mice  and  70%  of  S-TDCM-treated  mice  survived,  whereas  <30%  of  mice 
treated  with  LPS,  MPL,  or  TS  survived.  Thus,  sublethal  irradiation  induces  transient,  splenic  cytokine  gene  expression 
that  can  be  differentially  amplified  and  prolonged  by  BRMs.  BRMs  that  sustained  and/or  enhanced  irradiation-induced 
expression  of  specific  cytokine  genes  improved  survival  after  experimental  infection.  The  journal  of  Immunology, 
1994,  153:  2321. 


Bone  marrow  failure  is  an  inevitable  consequence 
of  life-threatening  radiation  injuries,  and  the  se¬ 
verity  and  duration  of  the  resulting  neutropenia 
influence  morbidity  and  mortality  (1,  2).  Survival  after  ir- 
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radiation  requires  regeneration  of  bone  marrow  from  qui¬ 
escent  hematopoietic  stem  cells  (3,  4).  Proliferation  and 
differentiation  of  these  hematopoietic  progenitors  depends 
on  the  endogenous  expression  of  hematoregulatory  cyto¬ 
kines  (3-5).  Therapeutic  administration  of  IL-1,  TNF-a, 
IL-6,  or  SCF^  after  lethal  irradiation  improves  survival  in 
animals,  suggesting  the  importance  of  these  hematopoietic 
regulatory  cytokines  after  radiation  (6-10).  Neta  et  al. 
(11-14)  report  that  pretreatment  of  irradiated  mice  with 
Abs  specific  for  IL-1  receptor,  TNF-a,  IL-6,  or  SCF  sig¬ 
nificantly  decreases  survival,  whereas  administration  of 
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RT-PCR,  reverse  transcription-PCR;  HPRT,  hypoxanthine  guanine  phosphori- 
bosyl  transferase;  CFU-GM,  CFU-granulocyte  macrophage  (bipotential  my¬ 
eloid  progenitor);  CFU-S,  CFU-spleen  (multipotential  progenitor); G-CSF,  gran¬ 
ulocyte-CSF;  M-CSF,  macrophage-CSF. 
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CYTOKINE  GENE  EXPRESSION  AFTER  SUBLETHAL  GAMMA  IRRADIATION 


Abs  specific  for  lL-3,  IL-4,  GM-CSF,  or  IFN-y  does  not 
alter  survival.  These  data  suggest  that  after  radiation  injury 
presence  of  specific  cytokines  are  critical  for  restoration  of 
bone  marrow  and  host  survival  but  do  not  address  the  issue 
of  induction  or  elevation  of  these  cytokines. 

It  is  clear  that  the  therapeutic  administration  of  a  single 
hematoregulatory  cytokine  can  accelerate  hematopoietic 
recovery  in  vivo  after  radiation  injury.  However,  in  vitro 
studies  indicate  that  bone  marrow  must  be  exposed  to  mul¬ 
tiple  hematopoietic  growth  factors  to  achieve  optimal  my- 
eloproliferation  (3,  4).  An  alternative  to  the  therapeutic 
administration  of  multiple  cytokines  in  vivo  after  irradia¬ 
tion  is  the  use  of  a  single  BRM  that  induces  the  endoge¬ 
nous  expression  of  many  hematoregulatory  cytokines  (15). 
For  example,  LPS  stimulates  expression  of  several  CSFs, 
IL-1,  TNF-a,  and  lL-6,  and  administration  of  LPS  to  mice 
after  lethal  irradiation  improves  survival  (16-18).  Unfor¬ 
tunately,  preclinical  and  clinical  studies  indicate  that  LPS 
is  prohibitively  toxic  (19-22).  Consequently,  other  bacte- 
rially  derived  BRMs  have  been  developed  that  retain  radio- 
protective  and/or  radiotherapeutic  properties  but  exhibit  less 
toxicity.  These  agents  include  MPL,  a  dephosphorylated  de¬ 
rivative  of  the  lipid  A  moiety  of  LPS;  S-TDCM,  a  chemical 
preparation  similar  to  a  native  cell  wall-associated  glycol ipid 
isolated  from  Corynebacterium  species;  and  Sm-BRM,  a  cell 
membrane/ribosomal  RNA-sized  vesicle  preparation  isolated 
from  Serratia  marcescens. 

Although  therapeutic  administration  of  BRMs  appears 
to  improve  host  survival  by  enhancing  endogenous  expres¬ 
sion  of  cytokines  that  accelerate  bone  marrow  recovery, 
the  effects  of  BRMs  on  the  kinetics  of  cytokine  gene  ex¬ 
pression  after  irradiation  are  not  well  defined,  largely  be¬ 
cause  quantitation  of  cytokine  gene  expression  in  hypo¬ 
plastic,  irradiated  tissues  has  been  technically  difficult  (17, 
23).  Recently  developed  RT-PCR  assay  techniques,  how¬ 
ever,  enable  quantitation  of  gene  expression  of  multiple 
cytokines  from  limited  quantities  of  mRNA  (24,  25).  The 
purpose  of  this  investigation  was  to  determine  in  a  murine 
model  of  sublethal  gamma  irradiation  whether:  1)  irradi¬ 
ation  alone  is  sufficient  to  induce  cytokine  gene  expres¬ 
sion;  2)  therapeutic  administration  of  BRMs  alters  post¬ 
irradiation  cytokine  gene  expression;  and  3)  therapeutic 
administration  of  BRMs  alters  hematopoietic  recovery 
and/or  improves  survival  after  experimental  bacterial  in¬ 
fection.  Our  results  indicate  that  gene  expression  of  spe¬ 
cific  cytokines  is  induced  within  5  h  after  gamma  irradi¬ 
ation  and  is  differentially  enhanced  and/or  prolonged  by 
the  therapeutic  administration  of  BRMs.  Despite  the  ob¬ 
servation  that  therapeutic  administration  of  any  one  of 
these  BRMs  accelerated  bone  marrow  recovery,  only  the 
administration  of  S-TDCM  or  Sm-BRM  sustained  expres¬ 
sion  of  specific,  irradiation-induced  cytokine  genes  and 
improved  survival  of  irradiated  mice  infected  with  Kleb¬ 
siella  pneumoniae.  These  data  then  suggest  that  the  selec¬ 
tion  of  BRMs  capable  of  enhancing  and/or  prolonging 
gene  expression  of  hematoregulatory  cytokines  is  an  im¬ 


portant  factor  in  determining  survival  to  infection  after 
sublethal  irradiation. 

Materials  and  Methods 

Mice 

B6D2F1/J  female  mice  (The  Jackson  Laboratory,  Bar  Harbor,  ME),  1 1 
wk  of  age,  18  to  22  g,  were  held  in  quarantine  for  2  wk.  Necrospy 
specimens  from  sentinel  mice  were  examined  to  ensure  the  absence  of 
specific  intestinal  bacteria  and  common  murine  diseases  by  microbiol¬ 
ogy,  serology,  and  histopathology.  Up  to  10  mice  were  housed  in  sani¬ 
tized  46  cm  X  24  cm  X  15  cm  polycarbonate  boxes  with  a  filter  cover 
(Microlsolator;  Lab  Products,  Inc.,  Maywood,  NJ)  on  sterilized  hard¬ 
wood  chip  bedding  in  a  facility  accredited  by  the  American  Association 
for  Accreditation  of  Laboratory  Animal  Care.  Mice  were  given  feed  and 
acidified  (pH  2.5)  water  freely.  The  animal  holding  room  was  maintained 
with  conditioned  fresh  air  that  was  changed  at  least  10  times  per  hour  at 
approximately  21®C  and  50%  (±10%)  relative  humidity  and  with  a  12-h 
light/dark  full  spectrum  lighting  cycle.  All  research  was  approved  hy  the 
Institutional  Animal  Care  and  Use  Committee. 

Irradiation 

Mice  were  placed  in  ventilated  Plexiglas  containers  and  exposed  bilat¬ 
erally  to  gamma  radiation  from  the  AFRRI  ^"‘*Co  source,  as  previously 
described  (26).  Exposure  time  was  adjusted  so  that  each  animal  received 
a  7.0-Gy  midline  tissue-absorbed  dose  at  a  nominal  dose  rale  of  0.4 
Gy/min  at  ambient  temperature.  Using  a  standardized  technique,  the  mid¬ 
line  tissue  dose  rate  was  measured  by  placing  a  0.5-cc  ti.ssuc  equivalent 
ionization  chamber  at  the  center  of  a  2.5-cm  diameter  cylindrical  acrylic 
mouse  phantom  before  irradiation  of  animals  (27).  The  ti.ssue-lo-air  ratio, 
defined  as  the  ratio  of  the  dose  rate  in  free  air  to  the  dose  rate  measured 
in  the  phantom,  for  this  array  was  0.96.  Variation  within  the  exposure 
field  was  less  than  4%  (26).  The  lethal  dose  for  50%  of  B6D2F1/J  female 
mice  30  days  after  exposure  (LD^o^-^o)  to  this  source  was  9.6  ±  0.30  Gy. 

BRMs 

All  BRMs  were  administered  i.p.  1  h  after  irradiation  as  sterile  solutions 
at  dosages  indicated  in  the  results  section.  S-TDCM  (Ribi  ImmunoChcm 
Research,  Inc.,  Hamilton,  MT)  was  prepared  as  an  aqueous  suspension  by 
a  modification  of  the  procedure  of  Vosika  and  Gray  (28),  as  described 
previously  (23).  Briefly,  2-mg  aliquots  of  S-TDCM  were  solubilized  in 
0.2  ml  of  chloroform  methanol  (9:1),  placed  in  a  5-ml  Potter-Elvehjem 
tissue  homogenizer,  dried  under  nitrogen,  and  suspended  with  homoge¬ 
nization  in  TS  to  contain  400  /u.g/ml.  Synthesis  of  S-TDCM  was  previ¬ 
ously  described  (23,  29).  Sm-BRM  (generously  provided  by  Dr.  Cathe¬ 
rine  McCall,  Cell  Technology,  Inc.,  Boulder,  CO)  contains  two  distinct 
particle  classes,  i.e.,  natural  bacterial  cell  membrane  vesicles  and  ribo¬ 
somes  derived  from  Serratia  marcescens  (31).  Sterile  distilled  water  was 
used  to  dilute  1000  /ig  of  lyophilized  Sm-BRM  to  a  final  concentration 
of  200  jLLg/ml.  Sm-BRM  was  injected  within  1  h  of  reconstitution.  MPL 
(400  JLLg/ml)  derived  from  Salmonella  enteritidis  ser.  typhimurium  (Ribi 
ImmunoChem  Research,  Inc.)  and  protein-free,  phenol  water-extracted 
LPS  (50  JLLg/ml)  from  Escherichia  coli  K235  (kindly  provided  by 
Dr.  Stephanie  N.  Vogel,  Uniformed  Services  University  of  the  Health 
Sciences,  Bethesda,  MD)  were  prepared  as  described  previously  (32). 

Collection  of  tissues 

Sterile  technique  was  used  throughout.  Mice  were  deeply  anesthesized 
with  methoxyflurane  (Pitman-Moore,  Washington  Crossing,  NJ)  before 
exsanguination  by  percutaneous  cardiac  puncture  using  a  syringe  rinsed 
with  sodium  heparin  solution.  Blood  was  transferred  into  a  vial  that  con¬ 
tained  ethylene  diamine  tetraacetate  then  placed  immediately  on  ice  and 
centrifuged  within  1  h  at  4°C.  Separated  plasma  was  then  frozen  at 
-70°C  until  assayed  for  CSF  activity.  Spleens  were  pressed  through 
stainless  steel  mesh  into  5  ml  RPMI  1640  medium  to  disperse  cells.  Bone 
marrow  cells  were  obtained  by  flushing  both  libia  with  1  ml  of  RPMI 
1640  per  tibia.  A  500-jllI  aliquot  of  both  cell  .suspensions  was  monodis- 
persed  by  gentle  pipetting,  centrifuged,  resuspended  in  RPMI  1640  sup¬ 
plemented  with  10%  FCS,  and  kept  on  ice  until  cultured  for  CFU-GM. 
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Table  1.  Primer  sequences  for  amplification  of  cytokine  cDNA  during  PCR  and  probe  sequences  for  detection  of  amplified  DMA  product 
on  Southern  blot 


Cytokine 

Antisense  and  Sense  Primer 

Bases 

Spanned 

(size) 

Probe 

Bases 

Spanned 

No.  of 
PCR 
Cycles 

Ref. 

HPRT 

GTTGGATACAGGCCAGACTTTGTTG 

GATTCAACTTGCGCTCATCTTAGGC 

514-538 

652-678 

(164) 

GTTGTTGGATATGCCCTTGAC 

562-582 

12 

24 

G-CSF 

GAGCAAGTGAGGAAGATCCAG 

TTAGGCACTGTGTCTGCTGC 

572-592 

1 072-78/ 
1325-37  (172) 

AGTTGTGTGCCACCTACA 

618-22/ 

971-83 

29 

63 

M-CSF 

ATTGGGAATGGACACCTGAAG 

GCTGTTGTTGCAGTTCTTGG 

286-306 

662-681 

(396) 

TTCCATGAGACTCCTCTC 

571-588 

21 

64 

lL-3 

ACTGATGATGAAGGACC 

TTAGCACTGTCTCCAGATC 

1000-1016 

2485-2504 

(256) 

TCGGAGAGTAAACCTGTCCA 

2030-2049 

28 

65 

TNF-a 

TTCTGTCTACTGAACTTCGGGG 

ACTTGGGCAGATTGACCTCAGC 

955-976 

2437-2458 

(514) 

CCCGACTACGTGCTCCTCACC 

2248-2268 

23 

65 

lL-6 

TTCCATCCAGTTGCCTTCTTGG 

CTTCATGTACTCCAGGTAG 

73-94 

414-432 

(359) 

ACTTCACAAGTCCGGAGA 

127-144 

21 

24 

IL-ljS 

GGGATGATGATGATAACCTG 

TTGTCGTTGCTTGGTTCTCCT 

397-416 

572-592 

(195) 

GG  C  TC  C  G AG ATG AACAAC AA 

454-473 

14 

66 

SCF 

{c-kit  ligand) 

GATAACCCTCAACTATGTCGC 

TACTGCTGTCATTCCTAAGG 

156-176 

576-595 

(439) 

GAGGCCAGAAACTAGATCCT 

384-403 

25 

67 

The  remainder  of  the  splenocytes  were  promptly  centrifuged,  resus¬ 
pended  in  200  fi\  HBSS,  homogenized  3  to  5  s  in  1.5  ml  RNAzol  B 
(Cinna/Biotecx  Laboratories  International,  Inc.,  Friendswood,  TX)  by  us¬ 
ing  a  tissue  homogenizer,  frozen  in  liquid  nitrogen,  and  stored  at  —  70°C 
until  RNA  extraction  could  be  performed. 

Culture  of  granulocyte-macrophage  progenitor  cells 

Myeloid  progenitors  (CFU-GM)  in  the  bone  marrow  and  spleen  were 
quantitated  in  soft  agar  using  modifications  of  a  previously  described 
technique  (31).  Briefly,  1  X  10'^  nucleated  bone  marrow  cells  or  1  X  10^’ 
splenocytes  were  cuLured  in  1  ml  of  0.3%  agar-McCoy’s  5a  medium 
supplemented  with  15%  FCS  and  100  pi  of  an  Amicon-filtcred  human 
urine  concentrate  that  served  as  a  source  of  CSF.  Cells  were  plated  in 
35-mm  plastic  culture  dishes  and  incubated  for  7  days  in  6%  CO2  at 
37°C.  Colonies  comprised  of  ^50  cells  were  enumerated  with  a  dissect¬ 
ing  microscope,  and  data  were  expressed  as  CFU-GM  per  organ. 

Bioassay  for  CSF  in  plasma 

The  presence  of  CSF  activity  in  plasma  was  detected  with  modifications 
of  a  bioassay  described  previously  (31).  Briefly,  twofold  dilutions  of 
pooled  plasma  were  added  to  duplicate  35-mm  tissue  culture  plates  (final 
plasma  concentrations  were  2.5,  5,  and  10%).  Plasma  samples  were  then 
covered  with  1  ml  of  0.3%  agar  in  McCoy’s  5a  culture  medium  supple¬ 
mented  with  15%  FCS  that  contained  1  X  10^  nucleated  tibial  bone 
marrow  cells  harvested  from  nonirradiated  B6D2F1/J  mice.  Cultures 
were  incubated  in  6%  CO2  at  37°C  for  7  days  and  colonies  were  counted 
with  a  dissecting  microscope.  CSF  activity,  expressed  as  U/ml,  was  cal¬ 
culated  as  the  product  of  the  reciprocal  of  the  sample  dilution  and  the 
mean  number  of  colonies  per  plate. 

RT-PCR 

RNase-free  plastic  ware,  water,  and  surgical  gloves  were  used  throughout 
the  procedure. 

Isolation  and  purification  of  RNA.  Total  RNA  was  isolated  using  mod¬ 
ifications  of  a  one-step  phenol  guanidium  isothiocyanate  chloroform  ex¬ 


traction  technique  (33).  After  2-propanol  precipitation  and  UV  spectro- 
photometric  quantitation  for  total  cellular  RNA,  5  pg  of  RNA  was 
electrophoresed  in  a  2%  formaldehyde  agarose  gel  that  contained 
ethidium  bromide  to  ascertain  whether  the  RNA  was  undegraded  and 
accurately  quantitated.  With  this  technique,  the  final  preparation  was  free 
of  DNA  and  protein,  with  a  260:280-nm  ratio  >1.8. 

RT  reaction.  RT  of  RNA  was  performed  in  a  final  volume  of  25  p\ 
using  the  technique  described  by  Svetic  et  al.  (24),  which  is  a  modifica¬ 
tion  of  that  described  by  Diamond  et  al.  (34).  The  final  mixture  was 
heated  to  70°C  for  5  min  to  denature  the  RNA  and  cooled  on  ice.  Then, 
1 .2  p\  of  RT  (200  U/ml)  was  added  to  the  mixture,  centrifuged  to  bring 
down  any  condensation,  and  incubated  at  37°C  for  60  min.  The  reaction 
was  then  heated  at  90°C  for  5  min  then  quickly  chilled  on  ice. 

PCR.  Sense  and  antisense  primers,  specific  for  the  desired  cytokine, 
were  added  to  the  RT  reaction  product,  along  with  PCR  buffer,  de- 
oxy nucleotide  mixtures,  and  Taq  polymerase  (24).  For  each  cytokine,  the 
optimum  number  of  cycles  was  determined  by  achieving  a  detectable 
concentration  that  was  well  below  saturating  conditions,  as  previously 
described  (24).  To  further  ensure  that  equal  amounts  of  RNA  were 
added  to  each  PCR  reaction,  primers  for  a  housekeeping  gene,  HPRT, 
were  used  to  amplify  the  cDNA  that  was  reverse  transcribed  from  total 
RNA  and  probed  in  the  same  manner  as  the  cytokines.  Amplified  product 
was  identified  by  Southern  blot  analysis  (35)  and  quantitated  by  densi¬ 
tometry  with  a  Phosphorlmager  (Molecular  Dynamics,  Sunnyvale,  CA), 
as  previously  described  (24).  The  probes  were  specifically  selected  to 
hybridize  to  a  portion  of  the  amplified  segment  that  was  between  the 
nucleotide  sequences  complementary  to  the  primers  to  ensure  identifica¬ 
tion  of  the  amplified  segment.  Sequences  for  primers  and  probes  for  IL-6 
and  HPRT  were  as  previously  described  (24).  Sequences  for  HPRT,  G- 
eSF,  M-CSF,  lL-3,  TNF-a,  lL-6,  IL-1/3,  and  the  c-kit  ligand,  SCF,  ap¬ 
pear  in  Table  I. 


Bacteria 

K.  pneumoniae  AFRRI  7  was  prepared  as  previously  described  (36). 
Bacteria  were  injected  s.c.  into  mice  that  were  lightly  anesthetized  with 
methoxyflurane. 
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FIGURE  1.  Effect  of  sublethal  gamma-ir¬ 
radiation  on  kinetics  of  splenic  cytokine 
gene  expression  determined  by  RT-PCR. 
One  hour  after  gamma  irradiation  (7.0  Gy) 
groups  of  five  mice  received  a  single  i.p. 
injection  of  TS  and  were  killed  at  the  times 
indicated.  Splenic  cytokine  mRNA  levels 
of  lL-1  p,  IL-3,  IL-6,  TNF-a,  G-CSF,  M-CSF, 
and  SCF  are  expressed  as  a  proportional 
change  relative  to  the  respective  cytokine 
mRNA  levels  in  untreated,  non  irradiated 
controls. 
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Survival  measurement  and  statistical  evaluation 

Thirty-day  survival  among  the  various  experimental  groups  of  irradiated 
mice  were  compared  with  the  generalized  Savage  (Mantel-Cox)  proce¬ 
dure  (Program  IL,  BMD  Statistical  Software,  Inc.,  Los  Angeles,  CA). 
When  analyzing  cytokine  gene  expression  by  RT-PCR,  a  log  transform 
was  made  of  the  ratio  of  the  corrected  densities  for  cytokine  mRNA 
measurements  to  the  corrected  densities  for  the  housekeeping  gene, 
HPRT.  For  each  time  period  and  treatment  group  (e.g.,  LPS,  MPL,  S- 
TDCM,  Sm-BRM,  and  TS),  the  mean  of  these  values  was  calculated  and 
the  mean  of  the  log  transformed  ratio  for  untreated  values  was  subtracted 
from  these  means.  The  antilog  values  of  these  differences  were  then  plot¬ 
ted  along  with  their  standard  error.  A  proportion  of  the  nonirradiated 
control  of  “  1  ’  indicates  that  the  value  for  a  treated  group  equals  the  value 
for  the  untreated,  unirradiated  control  group.  In  addition,  a  one-way  anal¬ 
ysis  of  variance  was  performed  on  the  log  transformed  ratios  at  each  time 
period  to  compare  treatments.  If  the  one-way  analysis  of  variance  was 
significant,  then  a  Newman-Keul’s  test  was  conducted  to  determine 
where  statistically  significant  differences  among  treatment  groups  ex¬ 
isted.  Unless  stated  otherwise,  data  are  calculated  as  the  mean  ±  SEM, 
and  statistical  significance  is  assumed  for  p  ^  0.05. 

Results 

Effects  of  irradiation  on  cytokine  gene  expression 

Irradiation  (i.e.,  irradiated  mice  injected  with  TS)  was  suf¬ 
ficient  to  induce  an  early  (4  h  after  TS  or  5  h  after  irradi¬ 
ation)  increase  in  cytokine  gene  expression  for  IL-ip, 
IL-3,  IL-6,  and  G-CSF  but  TNF-a,  M-CSF,  and  SCF 
mRNA  levels  were  unaltered  compared  with  untreated, 
unirradiated  control  mice  (Fig.  1).  At  24  h  after  radiation, 
mRNA  levels  for  all  cytokines,  except  IL-3,  had  returned 
to  baseline.  Exposure  to  sublethal  irradiation  alone  thus 


induces  a  transient  expression  of  mRNA  for  IL-1/3,  IL-6, 
and  G-CSF  and  a  slightly  more  prolonged  expression  of 
mRNA  encoding  IL-3. 

Effects  of  BRMs  on  cytokine  gene  expression  after 
irradiation 

The  kinetics  of  cytokine  gene  expression  of  IL-ljS,  IL-3, 
IL-6,  TNF-a,  G-CSF,  M-CSF,  and  SCF  were  monitored 
for  10  days  beginning  4  h  after  a  single  i.p.  injection  of 
either  25  pg  LPS,  200  pg  MPL,  200  pg  S-TDCM,  100  pg 
Sm-BRM,  or  0.5  ml  TS.  Because  the  biologic  responses 
were  equivalent  at  the  dosages  of  LPS  and  MPL  used  in 
this  study,  only  data  from  LPS-injected  mice  are  presented 
for  cytokine  gene  expression  after  injection  of  these  two 
BRMs.  Initially,  injection  of  BRMs  tended  to  enhance 
and/or  prolong  cytokine  gene  expression  but  over  time 
gene  expression  returned  toward  levels  observed  in  irra¬ 
diated  mice  injected  with  TS.  For  example,  IL-1/3  mRNA 
levels  4  h  after  injection  (i.e.,  5  h  after  irradiation)  were 
not  increased  by  BRMs  above  the  initial  ^15-fold  in¬ 
crease  seen  in  TS-injected,  irradiated  controls  (Fig.  2A), 
but  injection  of  S-TDCM  or  Sm-BRM  maintained  IL-1/3 
gene  expression  above  levels  seen  in  TS-injected  mice  at 
day  2.  Only  an  Sm-BRM  injection  prolonged  IL-lj3  gene 
expression  beyond  day  2. 

TNF-a  gene  expression  was  modestly  enhanced  (^5- 
fold  increase  over  irradiated  controls)  at  4  h  after  injection 
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FIGURE  2.  Comparative  effects  of  a  single  i.p.  injection  of 
BRMs  on  gene  expression  for  1L-Ij3,  TNF-a,  and  IL-6  after 
sublethal  gamma  irradiation.  One  hour  after  irradiation,  IPS, 
MPL,  S-TDCM,  Sm-BRM,  or  TS  was  injected  into  groups  of 
five  mice  and  splenic  mRNA  levels  quantitated  serially  by 
RT-PCR  for  \l-^p{A),  TNF-a  {B),  and  IL-6  (C).  Data  are  ex¬ 
pressed  as  a  proportional  change  relative  to  the  respective 
cytokine  mRNA  levels  in  untreated,  un irradiated  controls. 
Cytokine  gene  expression  for  LPS  and  MPL  are  comparable 
and  only  data  for  LPS-injected  mice  are  shown. 

of  LPS  and  at  both  4  and  24  h  after  injection  of  Sm-BRM 
(Fig.  2B).  S-TDCM  administration  failed  to  induce  ex¬ 
pression  of  TNF-a  mRNA  at  any  time  point  after  injec¬ 
tion.  Although  irradiation  resulted  in  an  '^40-fold  increase 
in  levels  of  IL-6  mRNA,  injection  of  BRMs  further  en¬ 
hanced  IL-6  gene  expression  at  4  and  24  h  after  injection 
(Fig.  2C).  Subsequently,  only  Sm-BRM  or  S-TDCM 
maintained  levels  of  IL-6  gene  expression  above  levels 
found  in  TS-injected,  irradiated  controls,  and  beyond  day 
3,  only  irradiated  mice  that  received  Sm-BRM  continued 
to  express  high  levels  of  IL-6  mRNA. 

Levels  of  G-CSF  mRNA  were  increased  ^100-fold  4  h 
after  injection  of  TS  but  subsequent  determinations  found 
G-CSF  mRNA  levels  equal  to  or  below  those  observed  in 
unirradiated  controls  (Fig.  3A).  Administration  of  LPS  or 
Sm-BRM  amplified  gene  expression  threefold  and  four¬ 
fold,  respectively,  above  levels  seen  in  TS-treated  mice  at 
4  h  but  S-TDCM  injection  did  not  enhance  G-CSF  gene 
expression.  However,  injection  of  LPS,  S-TDCM,  or  Sm- 


A.  G-CSF 


Days  after  Irradiation 

FIGURE  3.  Comparative  effects  of  a  single  i.p.  injection  of 
BRMs  on  gene  expression  for  G-CSF  and  M-CSF  after  suble¬ 
thal  gamma  irradiation.  One  hour  after  irradiation,  LPS,  MPL, 
S-TDCM,  Sm-BRM,  or  TS  was  injected  into  groups  of  five 
mice  and  splenic  mRNA  levels  quantitated  serially  by  RT- 
PCR  for  G-CSF  (A)  and  M-CSF  {B).  Data  are  expressed  as  a 
proportional  change  relative  to  the  respective  cytokine 
mRNA  levels  in  untreated,  unirradiated  controls.  Cytokine 
gene  expression  for  LPS  and  MPL  were  comparable  and  only 
data  for  LPS-injected  mice  are  shown. 

BRM  was  associated  with  enhanced  levels  of  G-CSF 
mRNA  at  days  1, 3,  and  5  after  irradiation,  although  not  to 
the  levels  observed  in  the  Sm-BRM  treatment  group.  In 
contrast,  BRM  administration  failed  to  alter  splenic  gene 
expression  of  M-CSF  at  any  time  point  after  irradiation 
(Fig.  3B), 

IL-3  and  SCF  genes  were  also  expressed  differentially 
in  response  to  administration  of  BRMs  (Fig.  4).  IL-3  gene 
expression  was  markedly  enhanced  at  4  h  and  at  days  1,  2, 
and  5  after  injection  of  Sm-BRM  compared  with  irradiated 
mice  injected  with  TS  (Fig.  4A).  LPS,  MPL,  and  S-TDCM 
did  not  augment  IL-3  gene  expression,  and,  similar  to  the 
pattern  of  gene  expression  observed  for  M-CSF,  splenic 
mRNA  levels  of  SCF  were  not  enhanced  at  any  time  after 
irradiation  by  any  of  the  BRMs  evaluated  in  this  study 
(Fig.  4B). 

Effects  of  BRMs  on  plasma  CSF  activity 

Irradiated  mice  that  were  given  saline  exhibited  a  minimal 
increase  in  plasma  CSF  activity  (1 10  ±  30  U/ml)  5  h  after 
irradiation  but  all  subsequent  plasma  determinations  for 
CSF  activity  were  comparable  to  plasma  CSF  levels  in 
unirradiated,  untreated  controls  (i.e.,  <40  U/ml)  (Fig.  5). 
Administration  of  BRMs  resulted  in  an  enhanced  but  tran¬ 
sient  plasma  CSF  response  4  h  after  injection.  The  CSF 
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FIGURE  4.  Comparative  effects  of  a  single  i.p.  injection  of 
BRMs  on  gene  expression  of  IL-3  and  SCF  after  sublethal 
gamma  irradiation.  One  hour  after  irradiation,  EPS,  MPL,  S- 
TDCM,  Sm-BRM,  or  TS  was  injected  into  groups  of  five  mice 
and  splenic  mRNA  levels  quantitated  serially  by  RT-PCR  for 
IL-3  (A)  and  SCF  {B),  Data  are  expressed  as  a  proportional 
change  relative  to  the  respective  cytokine  mRNA  levels  in 
untreated,  unirradiated  controls.  Cytokine  gene  expression 
for  LPS  and  MPL  were  comparable  and  only  data  for  LPS- 
injected  mice  are  shown. 


response  to  LPS  was  approximately  twice  that  observed 
after  injection  of  MPL,  S-TDCM,  or  Sm-BRM  and  15- 
fold  above  levels  found  in  irradiated  mice  injected  with 
TS.  However,  plasma  CSF  levels  in  LPS-treated  mice  de¬ 
clined  to  levels  seen  in  irradiated  controls  5  days  after 
irradiation.  Plasma  CSF  levels  in  irradiated  mice  injected 
with  MPL  or  S-TDCM  also  fell  rapidly  but  remained 
higher  than  CSF  levels  seen  in  mice  injected  with  LPS  or 
TS.  In  contrast,  irradiated  mice  injected  with  Sm-BRM 
experienced  a  rise  in  plasma  levels  of  CSF  activity  that 
was  sustained  for  24  h  before  declining.  Measureable 
plasma  CSF  activity  beyond  day  7  was  observed  only  in 
irradiated  mice  treated  with  Sm-BRM  and  S-TDCM.  This 
late  advantage  in  the  plasma  CSF  response  to  Sm-BRM 
and  S-TDCM  is  depicted  in  the  insert  in  Figure  5. 

Effects  of  BRMs  on  myeloid  progenitors  after 
radiation 

Late  myeloid  progenitors  (CFU-GM)  in  bone  marrow  and 
spleen  were  undetectable  in  all  treatment  groups  at  day  7 
after  irradiation  (Fig,  6).  However,  CFU-GM  appeared  in 
both  the  bone  marrow  and  spleen  in  all  BRM  treatment 
groups  but  not  irradiated  controls  by  day  14  after  irradia¬ 
tion.  CFU-GMs  were  not  detected  in  bone  marrow  or 


FIGURE  5.  Comparative  effects  of  BRMs  on  the  plasma 
CSF  response  after  sublethal  gamma  irradiation.  One  hour 
after  irradiation,  LPS,  MPL,  S-TDCM,  Sm-BRM,  or  saline  was 
injected  into  groups  of  three  mice  and  plasma  was  collected 
at  4  h  and  on  days  1 ,  2,  3,  5,  7,  1 0,  1 4  and  21  after  Irradi¬ 
ation.  Serial  dilutions  of  pooled  plasma  (three  mice/pool) 
were  assayed  in  triplicate  for  CSF  activity,  as  outlined  in  the 
Materials  and  Methods  section.  Data  represent  one  of  two 
identical  experiments  with  comparable  results. 


B.  Spleen 


FIGURE  6.  Comparative  effects  of  BRMs  on  recovery  of 
myeloid  progenitors  (CFU-GM)  in  bone  marrow  and  spleen 
after  sublethal  gamma  irradiation.  One  hour  after  irradiation, 
LPS,  MPL,  S-TDCM,  Sm-BRM  or  saline  was  injected  into 
groups  of  three  mice  and  animals  were  killed  at  the  times 
indicated.  Pooled  tibial  bone  marrows  and  spleens  (three 
mice/pool)  were  assayed  in  triplicate  to  quantitate  CFU-GM, 
as  outlined  in  the  Materials  and  Methods  section. 


spleen  of  TS-treated,  irradiated  mice  until  day  21.  At  day 
14,  splenic  CFU-GM  were  «=*2-fold  greater  in  mice  treated 
with  S-TDCM  and  Sm-BRM  compared  with  LPS  and 
MPL  treatment  groups.  Compared  with  all  other  treatment 
groups,  bone  marrow  CFU-GM  were  «=^1.5-fold  higher  in 
Sm-BRM-treated  mice  at  day  21. 


The  Journal  of  Immunology 


2327 


> 

3 

03 


100 

BQ 

SO 

^0 

20 

■D 


p  =  0.0012 


p  =  0.0507 


■  X  jT-  pneufT^f^ft 


Days  After  Irradiation 


*LPS 

-□-MPL 

S-TPCM 

Sm'BRW 

-*-FIAD 


FIGURE  7.  Comparative  effects  of  BRMs  on  30-day  survival 
in  sublethally  gamma  irradiated  mice  inoculated  with  K.  pneu¬ 
moniae.  One  hour  after  irradiation,  LPS,  MPL,  S-TDCM,  Sm- 
BRM,  or  saline  was  injected  into  groups  of  1 0  mice  and  4  days 
later  mice  were  given  a  subcutaneous  inoculation  of  6.1  X  10^ 
CPU  (2  LD50/30).  Survival  in  each  experimental  group  was  noted 
daily  for  30  days  after  irradiation. 


Effects  of  BRMs  on  survival  in  irradiated  mice 
challenged  with  K.  pneumoniae 

To  determine  whether  the  differences  that  were  observed 
in  cytokine  gene  expression,  plasma  CSF  levels,  or  my¬ 
eloid  progenitor  recovery  among  experimental  groups  al¬ 
tered  survival  in  response  to  sepsis,  BRMs  were  used  in  an 
experimental  infection  model  in  irradiated  mice.  One  hour 
after  irradiation,  groups  of  10  mice  received  a  single  i.p. 
injection  of  a  BRM  or  TS.  Four  days  later,  mice  received 
a  s.c.  inoculation  of  either  saline  or  6.1  X  10^  CFU  (2 
LD5q/3())  of  a  washed  suspension  of  K.  pneumoniae.  Sur¬ 
vival  was  assessed  for  30  days  and  K.  pneumoniae  was 
isolated  from  heart  blood  of  dead  mice  to  confirm  the 
cause  of  infection.  The  resulting  survival  curves,  depicted 
in  Figure  7,  revealed  that  all  mice  treated  with  Sm-BRM 
survived.  Mice  that  were  treated  with  S-TDCM  suffered 
no  mortality  until  the  5th  day  after  bacterial  challenge,  and 
the  30-day  survival  was  70%.  In  contrast,  <30%  of  irra¬ 
diated  mice  that  were  injected  with  saline,  LPS,  or  MPL 
survived  infection.  The  majority  of  mortalities  in  these  ex¬ 
perimental  groups  occurred  within  7  days  of  bacterial 
challenge. 

Discussion 

Our  data  demonstrated  a  rapid,  transient  increase  in  endo¬ 
genous  splenic  gene  expression  of  IL-ljS,  IL-3,  IL-6,  and 
G-CSF  in  response  to  sublethal  irradiation.  The  cytokine 
gene  response  observed  in  splenic  tissue  in  our  in  vivo 
model  appeared  to  be  specific  because  gene  expression  of 
TNF-a,  SCF,  and  M-CSF  was  not  amplified  after  irradia¬ 
tion.  The  data  also  indicated  that  expression  of  cytokine 
genes  could  be  differentially  enhanced  and  prolonged,  de¬ 
pending  on  the  BRM  used.  Although  LPS  and  MPL  elic¬ 
ited  abbreviated  splenic  cytokine  gene  responses  and  tran¬ 


sient  increases  in  plasma  CSF  activity,  both  S-TDCM  and 
Sm-BRM  elicited  more  prolonged  gene  responses  and  an 
early  and  late  increase  in  plasma  CSF  activity.  In  addition, 
prolonged  expression  of  multiple  cytokine  genes,  such  as 
that  seen  after  a  single  injection  of  S-TDCM  or  Sm-BRM, 
was  associated  with  superior  protection  against  experi¬ 
mental  infection. 

No  previous  in  vivo  studies  to  our  knowledge  have  pro¬ 
vided  direct  evidence  of  endogenous  cytokine  gene  ex¬ 
pression  after  irradiation  but  several  in  vivo  studies  have 
provided  indirect  evidence  that  reconstitution  of  medullary 
and  extramedullary  hematopoiesis  after  sublethal  irradia¬ 
tion  is  mediated  by  hematoregulatory  cytokines  (3,  4,  6,  8, 
36,  37).  Neta  and  Oppenheim  (6)  reported  that  a  single  i.p. 
injection  of  IL-1  1  to  3  h  after  lethal  irradiation  improved 
survival  in  a  dose-dependent  fashion  in  mice,  presumably 
due  to  known  myelopoietic  effects  of  IL-1  (38-40).  Ad¬ 
ministration  of  IL-3,  IL-6,  G-CSF,  and  GM-CSF  has  also 
hastened  myelorestoration  after  irradiation  by  enhancing 
proliferation  of  myeloid  progenitors  (6,  41-45). 

Irradiation  did  not  induce  increased  expression  of 
TNF-qj,  SCF,  and  M-CSF  genes.  The  absence  of  splenic 
expression  of  these  cytokines  may  be  a  reflection  of  the 
specificity  of  the  cytokine  gene  response  to  sublethal  irra¬ 
diation.  Alternatively,  an  apparent  lack  of  expression  of 
these  genes  may  have  resulted  from  tight  gene  regulation 
and  by  waiting  5  h  after  irradiation  to  sample  spleens  tran¬ 
sient  early  gene  expression  may  have  been  missed.  Evi¬ 
dence  for  this  possiblity  has  been  found  in  cell  culture 
studies  in  which  ionizing  radiation  induced  transient  gene 
expression  of  TNF-a  and  IL-1  that  returned  to  baseline 
within  6  h  (46,  47).  Several  in  vivo  studies  have  provided 
indirect  evidence  that  endogenous  expression  of  TNF-a, 
SCF,  and  M-CSF  is  induced  after  irradiation  and  is  im¬ 
portant  for  survival.  Therapeutic  administration  of  TNF-a 
improved  survival  in  lethally  irradiated  mice  and  injection 
of  an  Ab  that  is  specific  for  TNF-a  before  irradiation  de¬ 
creased  survival  (6,  12).  Chronic  administration  of  recom¬ 
binant  canine  SCF  restored  bone  marrow  hematopoiesis 
and  enhanced  recovery  of  circulating  neutrophils  in  le¬ 
thally  irradiated  dogs  (10)  and  injection  of  an  Ab  specific 
for  SCF  before  radiation  decreased  survival  in  mice  (14). 
Similar  studies  with  Abs  specific  for  M-CSF  have  not  been 
reported,  but  administration  of  M-CSF  accelerated  hema¬ 
topoietic  regeneration  after  bone  marrow  ablation  in  mice 
(48).  Therefore,  it  is  possible  that  expression  of  genes  for 
TNF-a,  SCF,  and  M-CSF  occurred  after  irradiation  in  our 
murine  model  but  probably  took  place  in  extrasplenic  tis¬ 
sues,  such  as  endothelium,  bone  marrow  stroma,  or  skin 
(16,  49-51). 

The  mechanisms  responsible  for  prolonged  cytokine 
gene  expression  in  sublethally  irradiated  mice  injected 
with  S-TDCM  or  Sm-BRM  are  unknown  but  the  manner 
in  which  macrophages  ingest  and  subsequently  degrade 
S-TDCM  and  Sm-BRM  may  explain  the  protracted  cyto¬ 
kine  gene  response  (31,  52,  53).  The  superior  ability  of 
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Sm-BRM  to  protect  septic  mice  may  represent  synergistic 
effects  of  LPS  and  non-LPS-related  components  of  Sm- 
BRM.  Ribi  et  al.  (54)  showed  that  a  combination  of  MPL 
and  S-TDCM  was  superior  to  either  BRM  alone  in  im¬ 
proving  survival  to  Salmonella  enteritidis  infection.  It  is 
possible  that  Sm-BRM,  by  providing  both  LPS  and  non- 
LPS  components  of  the  bacterial  cell  wall,  ensured  a  sim¬ 
ilar  synergistic  advantage  in  our  study. 

The  ranked  order  of  the  ability  of  BRMs  to  induce  and 
sustain  cytokine  gene  expression  (Sm-BRM  >  S-TDCM 
>  LPS  MPL  TS)  paralleled  the  ability  of  each  group 
to  survive  infection.  This  relationship  was  most  pro¬ 
nounced  for  IL-6  gene  expression.  IL-6  has  been  shown  to 
improve  survival  after  a  septic  challenge  by  decreasing 
overexpression  of  IL-1  and  TNF-o:,  increasing  a  protective 
hepatic  acute  phase  protein  response,  and  augmenting  ad¬ 
renocortical  responsiveness  (13,  49-51).  In  addition,  all 
BRMs  induced  an  early  plasma  CSF  response  and  an  ac¬ 
celerated  appearance  of  CFU-GM  in  bone  marrow  and 
spleen.  Enhanced  gene  expression  of  lL-3  was  observed  in 
Sm-BRM-treated,  irradiated  mice  and  may  have  been 
partly  responsible  for  the  late  increase  in  plasma  CSF  lev¬ 
els  and  improved  survival  to  infection.  IL-3  synergizes 
with  M-CSF  in  vitro  to  enhance  myeloproliferation  and 
prevents  apoptosis  by  reducing  the  rate  of  DNA  cleavage 
during  a  G2  arrest  point,  which  occurs  in  the  first  few 
hours  after  radiation  (55,  56). 

Although  BRMs  may  have  been  present  in  plasma  sam¬ 
ples  that  were  assayed  for  CSF  activity,  it  is  unlikely  that 
a  carryover  of  BRMs  was  responsible  for  the  measured 
CSF  activity.  In  our  hands,  spiking  plasma  samples  with 
BRMs  before  bioassay  does  not  increase  colony  formation 
(i.e.,  CSF  activity).  Comparable  plasma  CSF  responses 
have  been  noted  by  other  investigators  in  normal  and  ir¬ 
radiated  mice  injected  with  LPS  (16,  31,  57,  58).  The  im¬ 
portance  of  this  prolonged,  endogenous  expression  of 
CSFs  in  mice  injected  with  S-TDCM  and  Sm-BRM  in  this 
study  is  suggested  by  earlier  studies  that  reported  that 
chronic  administration  of  hematoregulatory  cytokines  ac¬ 
celerated  bone  marrow  recovery  and  improved  survival 
after  myeloablative  therapy  (8,  9,  43,  59-61). 

Bone  marrow  and  splenic  proliferation  of  CFU-GM 
were  absent  in  all  treatment  groups  at  day  7  after  irradia¬ 
tion,  and  no  correlation  between  the  absolute  number  of 
CFU-GM  and  postinfection  survival  at  day  7  was  evident. 
Other  studies  have  documented  the  absence  of  myeloid 
progenitors  and  circulating  neutrophils  7  days  after  ir¬ 
radiation,  even  after  therapy  with  hematopoietic  cytokines 
(8,  9,  43).  The  lack  of  correlation  between  the  number  of 
myeloid  progenitors  found  in  the  bone  marrow  and 
host  survival  after  irradiation  has  been  noted  by  others 
(17,  55,  58,  62). 

On  balance  it  appears  that  sublethal  irradiation  induces 
limited  splenic  cytokine  gene  expression  that  can  be  ex¬ 
panded,  amplified,  and  prolonged  by  a  single  i.p.  injection 
of  BRM  1  h  after  irradiation.  Kinetics  of  the  BRM-asso- 


ciated  cytokine  gene  response  to  radiation  depends  on  the 
particular  BRM  used.  LPS  and  MPL  elicit  an  abbreviated 
cytokine  gene  expression  and  initiate  prompt  but  transient 
increases  in  plasma  CSF  activity.  S-TDCM  and  Sm-BRM 
elicit  similar  early  responses  but  the  responses  tend  to  be 
more  prolonged.  The  ability  of  irradiated  mice  to  with¬ 
stand  a  septic  challenge  appears  to  depend  on  the  ampli¬ 
tude  and  duration  of  cytokine  gene  expression  and  the 
genes  that  are  expressed.  Induction  of  a  broad-based  cy¬ 
tokine  response  after  sublethal  irradiation,  such  as  that 
seen  after  a  single  injection  of  S-TDCM  or  Sm-BRM,  is 
associated  with  the  best  protection  against  septic  mortality. 
Additional  studies  need  to  be  performed  to  determine 
whether  these  BRMs  are  efficacious  in  the  setting  of 
lethal  gamma  irradiation,  with  and  without  superimposed 
infection. 
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Prominent  antigens  of  pathogenic  and  nonpathogenic  free-living  amoebae  were  identified  by  using  polyclonal 
rabbit  immune  sera  in  immunoblot  assays.  The  intent  was  to  determine  if  prominent  epitopes  identified  with 
rabbit  immune  sera  could  also  be  recognized  by  human  sera.  With  rabbit  sera,  the  development  of 
immunoreactive  bands  was  restricted  to  molecular  masses  of  greater  than  18.5  kDa  {or  Naegleria^  Hartmannella^ 
and  Vahlkampfia  antigens.  Two  or  more  broad  bands  of  less  than  18.5  kOa  were  prominent  features  in  three 
Acanthamoeba  species.  Few  cross-reactive  antibodies  could  be  detected  between  representative  species 
of  the  three  different  subgroups  of  Acanthamoeba.  Naegleria  antigen  was  likewise  serologically  distinct,  as  were 
Hartmannella  and  Vafilkampfia  antigens.  The  relative  lack  of  cross-reacting  antibodies  between  the  pathogenic 
amoebae  suggested  that  it  would  be  desirable  to  use  a  panel  of  amoebic  antigens  to  represent  the  range  of 
serologically  distinct  antigens  for  assessing  reactive  antibodies  in  human  sera.  In  pooled  human  serum  (10 
serum  specimens  per  pool),  the  appearance  of  minimally  reactive  bands  ranging  from  32.5  to  106  kDa  was  a 
common  feature  of  all  six  antigens.  A  prominent  band  of  less  than  18.5  kDa  was  identified  in  the  Acanthamoeba 
cnlbertsoni  antigen  lane  in  2  of  the  10  human  serum  specimen  pools.  When  the  sera  from  each  of  the  two  groups 
were  tested  individually  by  immunoblotting,  the  reaction  with  the /I.  cnlbertsoni  antigen  could  be  associated  with 
one  individual.  By  using  a  panel  of  amoebic  antigens,  this  method  could  prove  useful  in  recognizing 
undiagnosed  amoebic  infections  by  revealing  specific  reactive  antibodies. 


The  gor\ox'd  Acanthamoeba  and  Naegleria  include  species  of 
free-living  soil  and  water  amoebae  that  are  widespread  in  the 
environment  and  that  have  the  potential  to  produce  life- 
threatening  illness.  To  date,  the  pathogenic  potentials  of 
certain  species  within  these  genera  have  been  adeptly  demon¬ 
strated  in  laboratory  animals  and  have  occasionally  been 
observed  in  humans  (6, 12, 13, 27).  In  \\\xmdn%  Naegleria  fowleri 
amoebic  meningoencephalitis  is  associated  with  intranasal 
instillation  of  amoebae  during  swimming.  The  amoebae  sub¬ 
sequently  penetrate  the  central  nervous  system  via  the  olfac¬ 
tory  nerves.  Acanthamoeba  species  may  also  produce  menin¬ 
goencephalitis,  but  the  illness  in  humans  may  be  more  chronic, 
with  resulting  granuloma  formation.  Although  the  A-1  strain 
of  Acanthamoeba  culbcrtsoni  invades  the  central  nervous  sys¬ 
tems  of  experimental  animals  by  first  penetrating  the  nasal 
mucosa  and  then  spreading  to  the  brain  via  the  olfactory 
nerv^es,  Acanthamoeba  species  may  also  spread  to  the  lower 
respiratory  tract  and  other  sites  hematogenously.  Acan- 
tha mocha  species  can  also  infect  the  cornea  {Acanthamoeba 
keratitis),  and  this  disease  is  often  associated  with  contact  lens 
wear  (12,  15).  Studies  with  immune  sera  from  laboratory 
rabbits  demonstrated  that  the  species  of  Acanthamoeba  share 
some  common  antigens,  but  they  can  be  subdivided  into 
distinct  serogroups  (5,  16,  24).  In  addition,  species  of  the  genus 
Naegleria  share  common  antigens  but  also  have  distinct 
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epitopes,  as  demonstrated  by  using  the  Western  blot  (immu¬ 
noblot)  methodology  (14).  Naegleria  immune  serum  does  not 
cross-react  Wxih  Acanthamoeba  antigen  (12). 

The  purpose  of  the  investigation  described  here  was  to 
identify  prominent  epitopes  of  certain  pathogenic  and  non¬ 
pathogenic  free-living  amoebae  by  using  rabbit  immune  sera 
and  the  Western  blot  methodology.  Subsequently,  human  sera 
from  patients  and  apparently  healthy  individuals  were 
screened  by  immunoblotting  for  antibodies  reactive  with 
amoebic  antigens.  The  majority  of  the  human  serum  specimens 
screened  were  obtained  from  Army  recruits  who  suffered  from 
acute  respiratory  disease  (ARD).  Viral  agents  such  as  adeno¬ 
virus  or  influenza  virus  as  well  as  Mycoplasma  pneumoniae  have 
previously  been  identified  as  occasional  causative  agents  of 
ARD  in  Army  recruits  (8,  26).  Despite  attempts  at  isolation 
and  serological  surveillance  programs,  the  etiologic  agent  in 
many  cases  of  ARD  has  remained  unidentified.  A  logical 
extension  of  these  studies  would  be  attempts  to  associate  with 
ARD  other  potentially  infectious  agents  such  as  amoebae. 

Amoebae  have  repeatedly  been  cultivated  from  the  upper 
respiratory  tracts  of  humans  in  different  surveys.  The  incidence 
of  amoebae  in  upper  respiratory  tract  samples  has  ranged  from 
less  than  1%  to  as  high  as  24%  (1,  4,  11,  25).  It  has  not  been 
clearly  determined  whether  the  occurrence  of  amoebae  repre¬ 
sents  the  outgrowth  of  transient  cysts  that  were  inadvertently 
trapped  in  the  respiratory  tract  or  if  the  amoebae  were  in  the 
active  motile  trophozoite  form  in  vivo.  Amoebae  have  been 
observed  in  the  lung  tissues  of  laboratory  animals  which  have 
been  experimentally  infected  intranasally.  The  possibility  exists 
that  amoebae  also  could  cause  lower  respiratory  tract  disease 
in  humans. 

It  was  the  intention  of  our  study  to  determine  if  the 
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prominent  amoebic  epitopes  identified  by  using  rabbit  immune 
sera  could  be  identified  in  human  sera  by  using  different 
amoebic  antigens  of  four  different  genera.  A.  culbertsoni, 
Acanthamoeba  polyphaga,  and  Acanthamoeba  astronyxis  were 
each  used  as  sources  of  antigen.  Each  species  is  a  representa¬ 
tive  of  a  different  subgroup  of  Acanthamoeba  on  the  basis  of 
morphology,  isoenzyme  analysis,  and  serology  (23).  Three 
other  genera  were  represented  by  using  antigens  of  N.  fowleri 
and  the  nonpathogenic  free-living  amoebae  Hartmannella  ver- 
niiformis  and  Vahlkampfia  avara.  On  the  basis  of  the  taxonomic 
scheme  of  Page  (17),  the  genus  Hartmannella  and  particularly 
the  genus  Vahlkampfia  are  considered  to  be  closely  related  to 
the  genus  Naegleria  (17).  The  serologic  features  and  antigenic 
characteristics  of  these  two  genera  are  less  well  known  than  are 
those  of  the  genera  Naegleria  and  Acanthamoeba. 

This  report  extends  the  available  information  regarding  the 
serologic  relationships  and  prominent  epitopes  associated  with 
the  pathogenic  free-living  amoebae.  Certain  epitopes  repre¬ 
senting  different  amoeba  species  are  occasionally  recognized 
by  adult  human  serum.  This  documentation  of  electrophoreti- 
cally  separated  antigens  and  reactive  human  sera  supports  the 
concept  that  humans  are  exposed  to  antibody-inducing  levels 
of  antigen  from  both  pathogenic  and  nonpathogenic  amoebae. 
With  additional  studies,  immunoblots  with  human  sera  and 
amoebic  antigens  could  be  useful  in  recognizing  this  exposure, 
the  associated  pathologic  manifestations,  and  both  clinical  and 
subclinical  infections  with  the  pathogenic  free-living  amoebae. 

MATERIALS  AND  METHODS 

Amoeba  cultivation.  Amoebae  were  cultivated  axenically  in 
75-cm^  tissue  culture  flasks  containing  medium  that  promoted 
the  optimum  growth  for  each  species.  A.  ciilbertsoni  ATCC 
30171  and /I.  polyphaga  ATCC  30461  were  grown  in  Trypticase 
.soy  broth.  Plate  count  broth  (Difeo,  Detroit,  Mich.)  was  used 
for  cultivating  A.  astronyxis  ATCC  30137.  Medium  H4  was 
used  for  cultivating  V.  avara,  H.  vermiformis,  and  N.  fowleri  (2). 
Cells  were  incubated  at  25°C  (except  for  N.  fowleri  cells,  which 
were  incubated  at  35°C)  and  were  harvested  after  a  monolayer 
was  formed  in  approximately  72  h.  H.  vermiformis  was  kindly 
provided  by  Barry  Fields  from  the  Centers  for  Disease  Control 
and  Prevention,  Atlanta,  Ga.;  N  fowled  Lee  was  kindly  pro¬ 
vided  by  Francine  Marciano-Cabral  of  Virginia  Common¬ 
wealth  University,  Richmond. 

Antigen  and  immune  serum  preparation.  Amoebae  were 
harvested  by  placing  the  culture  flasks  on  ice  to  dislodge 
adherent  cells.  The  amoebae  were  pelleted  by  centrifugation 
(400  X  g)  and  were  washed  three  times  in  sterile  phosphate- 
buffered  saline  (PBS;  pH  7.6).  Immunizing  antigen  was  pre¬ 
pared  by  adjusting  the  concentration  to  2  X  10^’  cells  per  ml  in 
PBS  and  then  freezing-thawing  four  times  with  liquid  nitrogen. 
New  Zealand  White  rabbits  (weight,  2  kg)  were  immunized 
once  weekly  with  2  ml  of  the  antigen  preparation  for  4 
consecutive  weeks.  Antigen  was  delivered  via  the  marginal  ear 
vein.  One  week  after  the  final  immunization,  the  rabbits  were 
bled  by  cardiac  puncture.  Washed  cells  for  electrophoresis 
were  prepared  for  Pierce  BCA  protein  determination  (Pierce, 
Rockford,  111.)  by  solubilizing  amoeba  pellets  in  100  pi  of  1% 
sodium  dodecyl  sulfate  (SDS).  The  soluble  protein  was  boiled 
for  5  min  in  a  0.1  M  dithiothreitol  reducing  buffer  prior  to 
electrophoresis. 

Human  sera.  The  human  serum  samples  used  in  immuno¬ 
blots  consisted  of  five  banked  infant  and  seven  adult  serum 
samples  stored  at  the  Indiana  University  Medical  Center.  One 
hundred  additional  human  serum  samples  drawn  from  Army 
recruits  diagnosed  with  ARD  were  provided  by  Letterman 


Army  Medical  Center,  San  Francisco,  Calif.  To  facilitate  the 
number  tested,  serum  samples  from  Army  recruits  were  pooled 
into  10  groups  of  10  sera,  with  each  serum  present  in  its 
respective  pool  at  a  dilution  of  1:200.  Serum  pools  were 
subsequently  tested  for  their  reactions  with  the  electropho- 
resed  amoebic  antigens. 

Electrophoresis  and  immunoblotting.  SDS-polyacrylamide 
gel  electrophoresis  (PAGE)  was  performed  by  using  a  Mini- 
Protein  11  Dual  Slab  Cell  apparatus  (Bio-Rad,  Hercules, 
Calif.).  Five  micrograms  of  amoebic  protein  was  loaded  into 
each  lane  of  a  1.5-mm  15%  acrylamide  gel  with  a  4%  stacking 
gel  (preweighed  acrylamide-bisacrylamide  [37.5:1]  mixture; 
Bio-Rad).  Complete  electrophoresis  occurred  in  approxi¬ 
mately  35  min  at  200  V  with  the  voltage  held  constant.  Gels  to 
be  stained  for  protein  were  stained  with  Coomassie  blue. 
Proteins  were  transferred  onto  0.45-fjLm-pore-size  nitrocellu¬ 
lose  Trans-Blot  Transfer  Medium  (Bio-Rad)  by  using  a  Mini 
Trans-Blot  Electrophoretic  Transfer  Cell  with  a  Bio-Ice  unit 
(Bio-Rad).  Complete  transfer  occurred  at  130  V,  while  the 
current  ranged  from  250  to  350  mA  over  60  min. 

Following  transfer,  blots  were  washed  in  PBS  for  10  min  in 
glass  staining  dishes  on  a  clinical  rotator  (Fisher,  Pittsburgh, 
Pa.)  at  slow  speed.  They  were  then  blocked  for  30  min  at  room 
temperature  with  1%  bovine  serum  albumin  diluted  in  PBS 
with  0.05%  Tween  20  (pH  7.4;  PBS-Tween).  After  washing  the 
blots  twice  in  PBS-Tween  for  5  min  each  time,  they  were 
incubated  in  the  diluted  serum  at  room  temperature  for  60 
min.  Preliminary  studies  comparing  the  intensities  of  staining 
of  immunoblots  by  using  a  range  of  dilutions  yielded  optimum 
dilutions  for  rabbit  and  human  sera.  From  1:2  serial  dilutions 
of  hyperimmune  rabbit  sera  ranging  from  1:100  to  1:10,000,  a 
dilution  of  1:1,000  was  selected.  From  1:2  serial  dilutions  of 
human  sera  ranging  from  1:10  to  1:1,000,  a  dilution  of  1:200 
was  selected.  Blots  were  then  washed  twice  in  PBS-Tween  for 
5  min  each  time  before  the  conjugate  was  added.  The  alkaline 
phosphatase  conjugate  (Sigma,  St.  Louis,  Mo.)  of  anti-rabbit 
immunoglobulin  G  (IgG;  whole  molecule)  was  diluted  1:20,000 
in  PBS-Tween,  or  the  alkaline  phosphatase  conjugate  (Sigma) 
of  anti-human  IgG  (gamma  chain  specific)  was  diluted  1:2,500 
in  PBS-Tween.  Immunoblots  were  incubated  in  the  diluted 
conjugates  at  room  temperature  for  30  min.  Before  adding  the 
substrate,  the  immunoblots  were  washed  twice  for  5  min  in 
PBS-Tween  and  then  once  for  5  min  in  PBS.  Immunoblots 
were  then  developed  in  5-bromo-4-chloro-3-indolylphosphate 
toludinium-Nitro  Blue  Tetrazolium  Color  Development  Solu¬ 
tion  (Bio-Rad)  for  10  min  at  room  temperature. 

Absorption.  For  absorption  studies,  5  X  lO*’  amoebae  (for¬ 
malin  fixed  and  washed  in  PBS)  were  incubated  in  a  1-ml 
volume  containing  40  pi  of  human  serum  and  960  pi  of  PBS, 
and  the  incubation  mature  was  rocked  at  35°C  for  1  h.  This 
preparation  was  then  centrifuged  (400  X  g),  and  the  serum 
supernatant  was  subsequently  diluted  to  1:200  before  immu¬ 
noblotting. 

Immunofluorescence.  For  immunofluorescence  testing,  an 
indirect  fluorescent-antibody  procedure  described  by  Sheets  et 
al.  (22)  was  used.  The  procedure  uses  formalin-fixed  amoebae 
and  incorporates  a  primary  antibody  of  either  hyperimmune 
rabbit  serum  or  human  serum.  The  secondary  antibody  is 
affinity-purified  goat  anti-rabbit  or  anti-human  fluorescein- 
conjugated  IgG  (Sigma). 

RESULTS 

Whole  amoeba  lysates  subjected  to  SDS-PAGE  were  stained 
with  Coomassie  blue  (Fig.  lA).  Multiple  protein  bands  were 
apparent  in  each  species.  Most  bands  were  greater  than  18.5 
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FIG.  1.  (A)  SDS-PAGE  of  different  amoeba  species  stained  with 
Coomassie  blue.  The  low-  and  high-molecular-wcight  markers  (lanes  1 
and  2)  are  shown  on  the  left  (in  thousands).  Lanes:  3,/f.  culbertsoni;  4, 
A.  astronyxis\  5,  H.  vemiifomiis',  6,  N.  fowleri;  7,  A.  polyphaga;  8,  L. 
avara.  (B)  Immunoblot  panel  representing  the  total  number  of  immu- 
noreactivc  protein  bands  of  amoeba  antigens  treated  with  pooled 
rabbit  immune  sera  composed  of  immune  serum  from  each  of  the  six 
amoeba  specie.s  (1:1,000  final  dilution  each).  Molecular  weight  mark¬ 
ers  (lanes  1  and  2)  are  shown  on  the  left  (in  thousands).  Lancs:  3,  A. 
culbertsoni;  4,  A.  astronyxis;  5,  H.  veimifonnis;  6,  N.  fowleri;  7,  A. 
polyphaga;  8,  V.  avara. 
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FIG.  2.  (A)  Immunoblot  panel  of  amoeha  antigens  treated  with 
only/f.  culbertsoni  rahbit  immune  scrum  (1:1,000  dilution).  Molecular 
weight  markers  (lanes  1  and  2)  are  shown  on  the  left  (in  thou.sands). 
Lanes:  3,  A.  culbertsoni;  A,  A.  astronyxLs;  5,  H.  vermiformis;  6,  N.  fowleri; 
1,A.  polyphaga;  8,  V.  avara.  (B)  Immunoblot  panel  of  amoeha  antigens 
treated  with  only /I.  astronyxis  rabhit  immune  .serum  (1:1,000  dilution). 
Molecular  weight  markers  (lanes  1  and  2)  are  shown  on  the  left  (in 
thousands).  Lancs:  3,  A.  culbertsoni;  4,  A.  astronyxis;  5,  //.  vermiformis; 
6,  N.  fowleri;  7,  A.  polyphaga;  8,  V.  avara. 


kDa,  with  the  exception  of  a  broad  diffuse  area  with  heavy 
bands  in  both /I.  polyphaga  andyl.  culbertsoni  of  less  than  18.5 
kDa.  Each  of  the  three  Acantliamoeha  species  had  a  different 
banding  profile.  In  A.  astronyxis,  the  deeply  staining  band 
between  27.5  and  32.5  kDa  was  unique,  and  the  most  numer¬ 
ous  and  densely  staining  bands  were  greater  than  27.5  kDa.yl. 
culbertsoni  showed  its  most  intensely  staining  bands  at  less  than 
27.5  kD2i.A.  polyphaga  had  prominent  bands  that  ranged  from 
less  than  18.5  to  49.5  kDa.  V.  avara  and  H.  vermiformis  shared 
a  number  of  minor  and  major  protein  bands,  with  the  primary 
differences  related  to  the  intensity  of  band  staining  rather  than 
to  the  presence  of  different  proteins.  N,  fowleri  was  distinct 
from  the  other  genera,  but  its  protein  profile  was  likewise 
composed  of  many  bands  which  were  most  numerous  at 
greater  than  27.5  kDa. 

The  total  number  of  immunorcactive  protein  bands  resolved 
by  immunoblotting  with  the  six  pooled  hyperimmune  rabbit 
serum  samples  is  illustrated  in  Fig.  IB.  The  bands  represent 
the  epitope  reactions  of  each  amoeba  species  with  both 
homologous  and  heterologous  immune  sera.  Immunorcactive 
bands  for  Naegleria,  Hartmannella,  and  Valdkampfia  antigens 


developed  at  molecular  masses  of  greater  than  18.5  kDa.  In 
each  Acantliamoeba  species,  two  or  more  broad  bands  of  less 
than  18.5  kDa  were  prominent  features.  By  Coomassie  blue 
staining,  there  were  relatively  low  numbers  of  protein  bands  in 
areas  above  32.5  kDa  in  the /I.  culbertsoni  lysate,  below  18.5 
kDa  in  A.  astronyxis,  and  above  49.5  kDa  in  A.  polyphaga; 
however,  the  Western  blot  showed  several  major  bands  in 
these  areas,  indicating  that  these  proteins  were  highly  immu¬ 
nogenic.  The  presence  of  multiple  bands  by  Western  immuno¬ 
blotting  was  a  common  feature  of  each  species. 

The  occurrence  of  cross-reacting  antibodies  was  a.ssessed  by 
allowing  the  panel  of  transferred  amoebic  antigens  to  react 
with  individual  rabbit  immune  scrum  (Fig.  2  to  4).  Numerous 
well-defined  bands  were  observed  only  with  the  homologous 
antigen  at  a  rabbit  immune  serum  dilution  of  1: 1,000  with  5  jutg 
of  amoebic  antigen  per  lane.  Few  cross-reacting  antibodies 
were  detected  between  the  three  Acantliamoeba  species  cho- 
.sen  to  represent  different  subgroups  of  the  genus  (Fig.  2  and 
3A).  N.  fowleri  was  similarly  serologically  distinct  (Fig.  3B). 
Despite  the  similarities  in  polyacrylamide  gels  stained  with 
Coomassie  blue,  the  im  mu  noblots  of  H.  vermiformis  and  V. 
avara  were  relatively  distinct.  H.  vermiformis  antiserum  rc- 
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FIG.  3.  (A)  Immunoblot  panel  of  amoeba  antigens  treated  with 
only/4,  polyphaga  rabbit  immune  serum  (1:1,000  dilution).  Molecular 
weight  markers  (lanes  1  and  2)  are  shown  on  the  left  (in  thousands). 
Lancs:  3,/4.  culbertsoni;  4,  A.  astronyxis;  5,  H.  verniiformis;  6,  N.  fowlerp 
1,A.  polyphaga;  8,  L.  avara.  (B)  Immunoblot  panel  of  amoeba  antigens 
treated  with  only  N.  fowled  rabbit  immune  scrum  (1:1,000  dilution). 
Molecular  weight  markers  (lanes  1  and  2)  are  shown  on  the  left  (in 
thousands).  Lanes:  3,/4.  ciilbertsoni;  4,  A.  astronyxis;  5,  H,  vermifomiis; 
6,  M  fowled;  7,  A.  polyjyhaga;  8,  F.  avara. 
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FIG.  4.  (A)  Immunoblot  panel  of  amoeba  antigens  treated  with 
only /y.  venniformis  rabbit  immune  serum  (1:1,000  dilution).  Molecular 
weight  markers  (lanes  1  and  2)  are  shown  on  the  left  (in  thousands). 
Lanes:  3,/4.  cnlbertsoni;  4,  A.  astronyxis;  5,  li.  venniformis;  6,  N.  fowled; 
1,A.  polyphaga;  8,  F.  avara.  (B)  Immunoblot  panel  of  amoeba  antigens 
treated  with  only  V.  avara  rabbit  immune  scrum  (1:1,000  dilution). 
Molecular  weight  markers  (lanes  1  and  2)  arc  shown  on  the  left  (in 
thousands).  Lancs:  3, /4.  cnlbertsoni;  4,  A.  astronyxis;  5,  H.  venniformis; 
6,  N.  fowled;  7,  A.  polyphaga;  8,  F.  avara. 


vealed  shared  bands  between  49.5  and  80  kDa  (Fig.  4A),  and  V. 
avara  antiserum  revealed  several  shared  bands  between  32.5 
and  106  kDa  (Fig.  4B).  A  prominent  band  between  14  and  21 
kDa  was  always  seen  in  the  Hartmannella  and  the  Valilkanipfia 
lanes.  This  band  was  also  observed  in  control  blots  consisting 
of  only  the  affinity-purified  immunoglobulin  conjugate  of  goat 
anti-human  IgG  or  goat  anti-rabbit  IgG  (no  rabbit  immune  or 
human  serum  was  used)  and  appeared  to  be  attributable  to  the 
affinity  of  each  conjugate  to  an  unidentified  amoebie  protein. 

Beeause  of  the  lack  of  prominent  eross-reactive  amoebie 
antigens,  a  panel  of  amoebic  antigens  representing  serologi¬ 
cally  distinct  epitopes  was  used  to  screen  human  serum  sam¬ 
ples  for  amoeba-reactive  antibodies.  In  2  of  the  10  pools  of 
serum  from  Army  recruits,  a  prominent  band  of  less  than  18.5 
kDa  was  located  in  the  A.  cnlbertsoni  antigen  lane  (Fig.  5A). 
When  the  sera  from  each  group  were  tested  individually  by 
immunoblotting,  the  reaction  with  the  A.  ciilherLsoni  antigen 
could  be  as.sociated  with  one  individual  from  each  group. 
Lightly  reactive  bands  of  greater  than  32.5  kDa  were  seen  in  all 
10  serum  pools  te.sted  (Fig.  5A).  Little  reactivity  was  observed 
in  immunoblots  of  serum  from  seven  laboratory  personnel; 


however,  a  prominent  band  of  approximately  18.5  kDa  was 
present  in  they4.  ciilbertsoid  antigen  lane  of  one  individual  (Fig. 
5B).  This  band  was  comparable  to  the  one  observed  in  two  of 
the  serum  samples  from  the  Army  recruit  group. 

The  specificity  of  human  antibodies  reactive  ioA.  cnlbertsoni 
antigen  was  assessed  by  absorption  with  fixed  whole  cell.s.  A 
comparison  of  absorbed  and  unabsorbed  sera  showed  that  the 
A.  /-re active  antibody  was  removed  by  the  absorption 

with  homologous  antigen  (data  not  shown).  Banked  infant  sera 
from  infants  less  than  6  months  old  were  also  tested  by 
immunoblotting  against  the  panel  of  amoebie  antigens.  No 
evidence  of  amoeba-reactive  antibodies  was  present  in  any  of 
the  five  infant  serum  samples. 

Immunofluorescence  testing  showed  that  human  .scrum  re¬ 
active  \.oA.  cnlbertsoni  antigen  via  immunoblotting  also  caused 
formalin-fixed  A.  cnlbertsoni  to  fluoresce  under  UV  light. 
Negative  controls  made  with  human  serum  that  was  unreactive 
to  A.  cnlbertsoni  antigen  did  not  result  in  the  fluorescence  of 
the  formalin-fixed  amoebae. 
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FIG.  5.  (A)  Immunoblot  panel  of  amoeba  antigens  treated  with  10 
pooled  .serum  samples  from  Army  recruits  with  ARD  (1:200  final 
dilution).  Molecular  weight  markers  (lanes  1  and  2)  are  shown  on  the 
left  (in  thousands).  Liines:  3,  A.  ciilberisoni;  4,  A.  astronyxis\  5,  H. 
vermifomiis;  6,  N.  fow^cn;  1,A.  polypliaga;  8,  V.  avara.  (B)  Immunoblot 
panel  of  amoeba  antigens  treated  with  the  serum  of  a  laboratory 
worker  (1:200  dilution).  Molecular  weight  markers  (lanes  1  and  2)  are 
shown  on  the  left  (in  thousands).  Lanes:  3,  A.  culbertsoni;  4,  A. 
astronyxis;  5,  H.  vermiformis;  6,  N.  fowleri\  1,  A.  polyphaga\  8,  V.  avara. 

DISCUSSION 

Several  species  o' Acanthamoeba  and  one  species  of  Naegle- 
ria  arc  capable  of  producing  disease  in  humans  (12,  15).  The 
route  of  infection,  the  course  of  the  disease,  and  preventive 
measures  have  beer,  denned  for  certain  amoebic  diseases  such 
as  amoebic  meningoencephalitis  caused  by  Naegleria  species 
and  keratitis  caused  by  Acanthamoeba  species  (9,  12,  13).  The 
factors  involved  in  the  spread  of  pathogenesis  of  other  forms  of 
Acanthamoeba-2L^?,ozvdiQ(\  human  illness  are  less  clear.  Al¬ 
though  Acanthamoeba  meningoencephalitis  has  been  most 
frequently  encountered  in  immunocompromised  individuals, 
the  majority  of  the  copulation  undoubtedly  has  been  exposed 
to  these  amoebae  ir  the  environment.  Legionella  pneumophila 
can  use  Naegleria  and  Acanthamoeba  organisms  as  host  cells 
for  intracellular  rep  ication,  and  Rowbotham  (20,  21)  hypoth¬ 
esized  that  amoebae  could  also  serve  as  vectors  for  the  de'ivery 
of  Legionella  bactera  to  humans. 

To  better  understand  the  environmental  transmission  of 
amoebae  to  humans  and  the  epidemiology  of  disease  involving 
free-living  amoebae,  various  serologic  methods  have  been  used 


to  assess  the  presence  of  amoeba-reactive  antibody  in  humans. 
The  serologic  methods  used  previously  have  included  the 
indirect  fluorescent-antibody  assay,  complement  fixation,  ag¬ 
glutination,  indirect  hemagglutination,  and  Western  blot  anal¬ 
ysis  (3,  7,  10,  14,  19).  Results  of  those  studies  suggest  that 
humans  have  naturally  occurring  amoeba-reactive  antibodies 
represented  by  IgG  and  IgM.  At  the  present  time,  it  is  not 
known  if  these  antibodies  are  a  reflection  of  environmental 
exposure  to  amoebic  antigen,  the  consequence  of  subclinical 
infection,  or  the  result  of  cross-reacting  antibodies  from  some 
other  source. 

The  number  and  character  of  Naegleria  epitopes  identified 
by  using  human  serum  have  been  examined  by  Marciano- 
Cabral  et  al.  (14)  by  Western  blot  analysis.  Their  results 
suggested  that  human  IgG  reacts  primarily  with  internal  amoe¬ 
bic  antigens,  and  these  antigens  show  extensive  cross-reactivity 
among  species.  Conversely,  the  amoeba-agglutinating  activity 
of  normal  human  serum  is  a  function  of  IgM  reactivity  with 
surface  antigens.  These  antibodies  are  species  specific.  Anti¬ 
bodies  from  human  serum  react  to  both  pathogenic  and 
nonpathogenic  Naegleria  species,  and  individuals  appear  to 
have  been  exposed  to  different  amoebic  antigens.  In  a  study  by 
Dubray  et  al.  (7),  immunoblot  analysis  of  selected  human 
serum  against  N.  fowled  or  Naegleria  lovaniensis  antigen  dem¬ 
onstrated  four  bands  of  reactivity.  The  results  suggested  that 
human  antibodies  recognized  identical  antigenic  sites  in  both 
of  these  species. 

Most  recently,  Moura  et  al.  (16)  compared  the  antigenic 
characteristics  of  13  Acanthamoeba  strains  by  immunoblot 
analysis  by  using  homologous  and  heterologous  rabbit  immune 
sera.  Most  bands  were  observed  between  20  and  116.5  kDa, 
and  the  staining  intensity  was  often  so  great  that  it  was  difficult 
to  distinguish  individual  bands.  In  some  instances,  antibodies 
cross-reacted  extensively  among  the  13  strains.  Certain  anti¬ 
gens  were  more  extensively  shared  within  each  of  three 
Acanthamoeba  morphologic  groupings  on  the  basis  of  immu¬ 
noblot  profiles.  It  was  also  apparent  that  certain  subgroups  of 
Acanthamoeba  were  more  closely  related  serologically. 

Results  from  the  present  study  demonstrate  the  complex 
protein  profiles  associated  with  the  free-living  amoebae  follow¬ 
ing  SDS-PAGE.  It  is  apparent  that  the  majority  of  these 
proteins  are  highly  immunogenic  in  laboratory  rabbits.  A 
notable  observation  is  the  relative  lack  of  cross-reacting  anti¬ 
bodies  among  the  selected  amoebae  by  immunoblotting.  Even 
within  the  gtnus  Acanthamoeba,  the  selected  type  species  from 
each  subgroup  were  serologically  distinct.  These  differences 
are  consistent  with  the  division  of  Acanthamoeba  species  into 
distinct  subgroups,  in  part  on  the  basis  of  serology.  A  promi¬ 
nent  feature  of  our  study  with  Acanthamoeba  species  was  the 
observation  of  distinct  broadly  immunoreactive  proteins  of  less 
than  18.5  kDa.  These  bands  were  observed  only  in  immunob- 
lots  of  the  three  Acanthamoeba  species  with  homologous  rabbit 
immune  serum  and  in  the  A.  culbertsoni  antigen  lanes  of 
approximately  3%  (3  of  112)  of  the  immunoblots  developed 
with  human  serum.  Immunofluorescence  testing  confirmed  the 
reactivity  of  one  of  these  three  human  serum  samples.  The 
supply  of  the  other  two  serum  samples  was  exhausted  during 
immunoblotting  and  absorption  assays. 

No  distinction  has  been  made  between  the  two  reactive 
serum  samples  from  Army  recruits  and  normal  adult  scrum 
taken  at  Indiana  University.  It  is  likely  that  additional  studies 
representing  other  groups  of  humans  will  be  needed  to  define 
the  range  of  naturally  occurring  amoeba-reactive  antibodies  in 
humans.  Previously,  investigators  have  demonstrated  by  immu¬ 
noblotting  that  certain  individuals  have  naturally  occurring 
antibodies  that  react  with  protozoa  such  as  Toxoplasma  gondii 
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(18).  The  source  of  the  antigenic  stimulation  was  unknown. 
Studies  have  suggested  antigenic  similarities  between  T.  gondii 
and  other  organisms  that  are  not  considered  to  be  pathogens 
and  that  rarely  occur  in  humans  (18).  The  specificity  of 
amoeba-reactive  antibodies  detected  with  our  assay  was  con¬ 
firmed  by  absorption  studies  with /I.  cidbertsoni  antigen.  How¬ 
ever,  the  exact  events  associated  with  antigen  exposure  or 
antibody  induction  in  our  investigation  cannot  be  determined. 
Our  observations  support  the  concept  that  previous  exposure 
to  A.  cidbertsoni  may  be  responsible  for  the  occurrence  of 
reactive  antibodies  in  this  small  group  of  individuals.  The 
ability  of  the  immunoblot  to  detect  human  antibodies  that 
specifically  react  with  A,  cidbertsoni  epitopes  suggests  a  likeli¬ 
hood  of  detecting  patient  seroconversions  to  this  amoeba  and 
other  serologically  distinct  species  of  Acanthamoeba  as  well. 

Human  antibodies  reactive  with  N.  fowled  antigen  were 
detected  in  pooled  serum  from  Army  recruits.  In  one  blot,  a 
sharp  doublet  was  observed  at  49.5  kDa  (data  not  shown). 
Other  antibodies  reactive  with  N.  fowleri  were  detected  by  the 
presence  of  three  to  four  bands  between  32.5  and  106  kDa.  The 
appearance  of  these  bands  did  not  differ  from  the  appearance 
of  similar  bands  of  the  same  molecular  size  in  the  lanes  of  the 
other  five  amoebic  antigens.  These  bands  were  not  as  promi¬ 
nent  or  deeply  staining  as  those  reported  by  other  investigators 
who  used  immunoblotting  to  assess  the  reactivity  of  human 
serum  with  N.  fowled  antigen  (7,  14).  This  could  be,  in  part,  a 
reflection  of  the  test  parameters  such  as  antigen  concentration, 
serum  concentration,  or  other  variables.  Other  investigators 
used  a  1:50  human  serum  dilution,  whereas  a  1:200  serum 
dilution  was  used  in  the  present  study.  In  our  study,  we  did  not 
note  major  differences  in  blot  results  when  the  serum  dilution 
was  reduced  from  1:200  to  1:50.  This  lower  dilution  resulted 
mainly  in  increased  background  staining.  Our  investigation 
also  represents  a  study  population  different  from  that  of  other 
investigators,  and  as  suggested  previously,  differences  in  results 
with  the  Naegleria  antigen  used  in  immunoblotting  may  repre¬ 
sent  geographical  variation  in  amoebic  antigen  exposure  (14). 

The  similarity  between  H.  vermiformis  and  V.  avara  in  the 
Coomas.sie  blue-stained  gel  was  pronounced.  These  two  genera 
are  closely  related  morphologically,  and  the  similarities  in 
protein  bands  would  serve  to  underscore  this  similarity.  Addi¬ 
tional  gel  electrophoresis  of  these  two  strains  was  performed 
on  replicate  cultures  from  the  American  Type  Culture  Collec¬ 
tion,  and  the  nearly  identical  Coomassie  blue  staining  patterns 
were  again  apparent.  To  our  knowledge,  these  two  strains  of 
amoebae  have  not  previously  been  compared  by  SDS-PAGE. 
The  results  of  this  initial  comparison  indicate  that  additional 
studies  are  needed  to  determine  the  significance  of  this 
similarity  and  if  this  is  a  consistent  feature  of  other  strains  and 
species  in  these  two  genera.  These  results  demonstrate  that 
these  two  species  from  different  genera  are  remarkably  similar 
by  SDS-PAGE,  yet  they  can  be  distinguished  by  immunoblot¬ 
ting.  The  consistent  appearance  of  nearly  identical  bands 
between  14  and  21  kDa  in  only  the  Hanmannella  and  Vahl- 
kampfia  antigen  lanes  also  merits  additional  study.  The  visu¬ 
alization  of  these  bands  in  the  absence  of  rabbit  immune  or 
human  serum  suggests  that  the  electrophoresed  proteins  di¬ 
rectly  bind  some  component  of  the  alkaline  phosphatase- 
immunoglobulin  conjugate.  The  ability  of  certain  components 
of  microorganisms  to  bind  immunoglobulins  in  a  nonimmune 
fashion,  as  observed  with  protein  A,  has  been  well  established. 
This  has  not  been  observed  previously  in  the  pathogenic 
free-living  amoebae. 

This  report  documented  the  major  antibody-reactive  anti¬ 
gens  in  six  species  of  free-living  amoeba.  Reactions  with  rabbit 
immune  sera  demonstrated  that  each  amoeba  was  serologically 


distinct,  and  there  was  little  cross-reacting  antibody.  This 
insight  has  important  implications  for  future  attempts  to 
diagnose  human  amoebic  infections  serologically.  Apparently, 
it  will  be  necessary  to  use  a  battery  of  amoebic  antigens 
representing  the  serologically  distinct  species  and  genera  in 
order  to  recognize  the  presence  of  amoeba-reactive  antibodies. 
This  study  provides  baseline  information  on  the  presence  of 
antibodies  reactive  with  free-living  amoebae  in  human  serum 
and  suggests  the  feasibility  of  using  immunoblotting  to  detect 
seroconversions  in  individuals  infected  with  the  pathogenic 
free-living  amoebae. 
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ABSTRACT 

Studies  of  radiation  effects  on  performance  are  often  complicated 
by  concurrent  radiation-induced  decreases  in  feeding  behavior 
(/.e.,  “anorexia”).  To  evaluate  the  pharmacological  specificity  of 
these  decreases  in  food  intake,  the  interactions  of  radiation  with 
three  prototypical  drugs  were  studied.  Single  daily  i.p.  adminis¬ 
tration  of  a  dose  of  chlordiazepoxide,  ondansetron  or  8-hydroxy- 
2-(di-n-propylamino)tetralin  (8-OH-DPAT)  was  given  to  groups  of 
rats  for  5  days  after  either  a  single  nonlethal  4.5-Gy  dose  of 
ionizing  radiation  (bremsstrahlung  or  gamma  rays)  or  a  sham 
exposure.  The  food  intake  for  each  group  was  measured  60  min 
and  24  hr  after  food  presentation.  Radiation  alone  significantly 
decreased  food  intake  during  the  60-min  test  on  each  treatment 
day  and  for  the  5-day  period  when  data  were  averaged.  Chlor¬ 
diazepoxide  (1.8-18  mg/kg)  and  8-OH-DPAT  (0.1-1  mg/kg) 
produced  significant  dose-dependent  increases  in  food  intake 


during  the  60-min  test  in  both  irradiated  and  sham-irradiated 
groups,  whereas  ondansetron  (0.1-1  mg/kg)  did  not  alter  food 
intake  at  any  dose  tested.  The  dose  effects  at  60  min  were 
significant  on  each  treatment  day  for  chlordiazepoxide,  on  4  of 
5  days  for  8-OH-DPAT  and  for  both  drugs  when  data  for  all  5 
days  were  combined.  In  no  case,  however,  was  a  significant 
interaction  obtained  for  radiation  and  any  dose  of  the  three  drugs. 
After  24  hr,  decreases  in  intake  were  obtained  in  a  few  subjects 
in  3  of  12  total  radiation  groups.  These  results  suggest  that 
radiation-induced  decreases  in  food  intake  do  not  result  from 
damage  to  the  mechanisms  by  which  chlordiazepoxide  and  8- 
OH-DPAT  increase  food  intake  and  that  hyperphagic  agents 
from  these  two  different  classes  may  have  therapeutic  value  for 
attenuating  radiation-induced  anorexia. 


Radiation-induced  decreases  in  food  intake  occur  in  a  variety 
of  species,  including  humans,  shortly  after  exposure  and  they 
may  persist  for  several  days,  depending  on  the  dose  (Anno  et 
al,  1989;  Davis,  1965;  Mickley  et  a/.,  1989).  Although  the 
mechanisms  responsible  for  these  decreases  in  food  intake  are 
poorly  understood,  this  prominent  behavioral  effect  has  not 
been  studied  extensively  and  continues  to  be  a  problem  in 
therapeutic  and  experimental  situations.  For  example,  in  pa¬ 
tients  receiving  radiotherapy  for  cancer,  both  conditioned  (e.^., 
food  aversions)  and  unconditioned  (e.g.y  general  decreases  in 
food  intake  or  appetite)  effects  compromise  treatment  regimens 
by  decreasing  compliance  and  by  increasing  anxiety  in  regard 
to  treatment  (King  and  Makale,  1991;  Mattes  et  a/.,  1991;  Smith 
et  al.y  1984).  In  experiments  using  rats  and  monkeys  as  subjects, 
exposure  to  various  types  of  radiation  produced  changes  in  food 
preference,  decreases  in  food  intake  and  loss  of  body  weight 
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(Davis,  1965;  Johnson  et  aL,  1946;  Mickley  et  a/.,  1989;  Ruch  et 
al,  1962;  Smith  and  Tyree,  1954;  Smith  et  al.y  1952a),  Moreover, 
these  changes  have  complicated  the  study  of  other  behavioral 
effects  of  radiation,  such  as  changes  in  volitional  activity  (Jones 
et  al.y  1954),  changes  in  motivated  or  operant  responding  (Jar- 
rard,  1963;  Mele  et  a/.,  1990)  and  assessment  of  learning  deficits 
postexposure  (Arnold,  1952;  Furchtgott,  1951). 

Most  carefully  controlled  studies  on  radiation  and  feeding 
behavior  have  been  conducted  with  rats.  Jarrard  (1963),  for 
example,  reported  that  0.9,  2,9  and  4,8  Gy  of  x-ray  irradiation 
(250  kV)  in  rats  produced  dose-dependent  decreases  in  food 
intake  during  a  2-hr  test  period.  (For  ease  of  comparison  with 
previous  research,  all  the  radiation  doses  cited,  either  roentgen 
or  rad,  have  been  converted  to  gray.  The  conversion  factor  for 
roentgen  to  rad  is  0.966  to  account  for  the  difference  between 
air  and  muscle.  Rad  can  be  converted  to  gray  by  multiplying 
the  dose  by  Vioo.)  He  also  reported  that  decreases  in  food 
consumption  in  rats  lasted  for  1  to  5  days,  depending  on  the 
dose  administered.  In  another  study  involving  rats.  Smith  and 
Tyree  (1954)  reported  that  anorexia  and  a  resulting  loss  in 
body  weight  occurred  within  the  first  24  hr  after  exposure  and 
lasted  for  several  days  when  doses  of  approximately  2.5  Gy  or 
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higher  of  x-ray  irradiation  (200  kV)  were  tested.  Furthermore, 
these  investigators  obtained  effects  on  feeding  behavior  at  doses 
as  low  as  0.25  to  0.5  Gy  and  determined  that  these  changes 
reflected  early  and  sensitive  signs  of  whole-body  radiation 
exposure. 

Despite  obvious  changes  in  food  intake  after  radiation  ex¬ 
posure,  few  studies  have  systematically  examined  these  changes 
with  pharmacological  and  behavioral  methods  comparable  to 
those  used  when  studying  various  drugs  known  to  affect  feeding 
behavior.  The  extensive  study  of  the  benzodiazepines  and  5- 
HTja  agonists,  in  particular,  has  been  important  in  understand¬ 
ing  the  pharmacological  specificity  of  the  mechanisms  involved 
in  feeding  behavior.  A  recent  review  by  Cooper  (1991)  states 
that  benzodiazepine  receptors  probably  exert  bidirectional  con¬ 
trol  over  feeding  responses  and  the  effects  of  drugs  acting  at 
benzodiazepine  receptors  can  span  the  full  range,  i.e.,  from 
marked  hyperphagia  at  one  extreme  to  anorexia  at  the  other, 
depending  on  whether  agonists  or  inverse  agonists  are  present, 
respectively.  More  recently,  hyperphagic  properties  have  been 
attributed  to  agonists  with  actions  at  5-HTia  receptors  (Cooper, 
1991).  Similar  to  some  prototypical  benzodiazepine  receptor 
agonists,  5-HTia  receptor  agonists  have  been  shown  to  increase 
food  intake  reliably  in  both  monkeys  (Pomerantz,  1990)  and 
rats  (Dourish  et  ai,  1985;  Fletcher  and  Davies,  1990;  Hutson  et 
al.y  1988;  Montgomery  et  a/.,  1989).  Although  differences  be¬ 
tween  the  behavioral  effects  of  these  two  classes  of  compounds 
have  been  reported  in  rats  (Fletcher  and  Davies,  1990),  exper¬ 
iments  with  both  classes  of  drug  have  helped  to  identify  specific 
neurotransmitters  and  receptors  involved  with  feeding  behav¬ 
ior. 

In  an  attempt  to  examine  and  attenuate  radiation- induced 
decreases  in  food  intake  potentially,  drugs  from  three  different 
pharmacological  classes  were  given  in  combination  with  radia¬ 
tion.  Briefly,  chlordiazepoxide  (a  prototypical  benzodiazepine 
agonist),  8-OH-DPAT  (a  prototypical  5-HTia  agonist)  or 
ondansetron  (a  5-HT3  antagonist)  were  given  to  schedule -fed 
rats  for  5  consecutive  days  after  either  a  single  nonlethal  dose 
of  ionizing  radiation  or  a  sham  irradiation.  Food  intake  was 
measured  on  each  treatment  day  60  min  after  food  presentation 
and  this  food-intake  measure  was  collected  for  5  days  postex¬ 
posure.  In  addition,  each  subject’s  cage  was  examined  for  re¬ 
maining  food  23  hr  later,  immediately  before  the  next  food 
presentation.  Chlordiazepoxide  and  8-OH-DPAT  were  selected 
specifically  for  their  ability  to  increase  food  intake  over  com¬ 
parable  test  periods  (Cooper,  1980,  1991).  Ondansetron  was 
given  as  a  comparison  because  of  data,  which  indicated  that  it 
can  also  increase  feeding  under  certain  conditions  (Shepherd 
and  Rodgers,  1990).  The  effects  of  ondansetron  on  radiation - 
induced  decreases  in  food  intake  were  of  special  interest 
because  this  drug  has  been  found  to  be  highly  efficacious  and 
potent  in  controlling  radiation-induced  emesis  in  several  ani¬ 
mal  species  (Andrews  et  a/.,  1988;  King  and  Makale,  1991)  and 
nausea  and  emesis  in  patients  with  cancer  (Priestman,  1991). 
Finally,  like  chlordiazepoxide  and  8-OH-DPAT  (Engel  et  ai, 
1984;  Randall  et  aly  1960),  ondansetron  has  been  shown  to 
possess  anxiolytic  properties  in  experiments  involving  rats 
(Jones  et  al.y  1988). 

Methods 

Subjects.  The  subjects  were  191  male  Sprague-Dawley  rats  (Charles 
River  Breeding  Laboratories,  Kingston,  NY)  approximately  8  to  12 


weeks  of  age.  On  arrival,  all  subjects  were  quarantined  for  10  days  and 
screened  for  evidence  of  disease.  During  this  time,  commercial  rodent 
chow  and  acidified  water  (pH  2.5-3)  were  provided  ad  libitum.  Acidified 
water  was  used  routinely  throughout  the  experiment  to  minimize  the 
possibility  of  opportunistic  bacterial  infections.  Before  testing  began, 
all  subjects  were  housed  individually  in  plastic  Micro-Isolator  (Allen¬ 
town  Caging  Equipment  Co.,  Inc.,  Allentown,  NJ)  cages,  which  con¬ 
tained  sterilized  hardwood-chip  bedding.  All  housing  rooms  were  main¬ 
tained  at  21  ±  IX  with  50  ±  10%  relative  humidity  on  a  12-hr  light/ 
dark  cycle,  which  began  with  lights  on  at  6:00  A.M.  each  day. 

Procedure.  The  subjects  used  to  test  each  of  three  drugs  were 
allowed  to  adapt  to  single  housing  and  were  provided  with  continuous 
access  to  food  and  water  for  approximately  2  weeks.  At  this  time,  all 
food  was  removed  from  the  cages  and  each  subject  was  weighed.  This 
weight  was  considered  the  nondeprived  body  weight  for  each  subject, 
which  then  was  maintained  throughout  the  study  with  the  daily  pres¬ 
entation  of  a  measured  amount  of  chow  in  the  home  cage.  The  mean 
body  weights  for  the  chlordiazepoxide-,  ondansetron-  and  8-OH- 
DPAT-treated  groups  were  372  g  (range,  302-437  g),  465  g  (range,  394- 
553  g),  and  386  g  (range,  343-427  g),  respectively.  Specifically,  each 
subject  received  an  amount  of  food  (measured  in  grams)  necessary  to 
maintain  its  nondeprived  body  weight  for  a  single  24-hr  period  In 
general,  the  amount  of  chow  presented  on  a  given  day  was  considered 
appropriate  if  the  entire  ration  was  consumed  over  that  period  and  the 
daily  body  weight  remained  stable.  Mean  daily  food  intakes  in  grams 
for  the  chlordiazepoxide-,  ondansetron-  and  8-OH-DPAT-treated 
groups  were  23  g  (range,  17-32  g),  20  g  (range,  16-24  g),  and  22  g 
(range,  18-27  g),  respectively.  Food  was  always  presented  immediately 
after  the  daily  weighing,  which  generally  occurred  between  2:00  p.m. 
and  3:00  P.M..  An  electronic  top-loading  balance  (Sartorius,  type  1401, 
Me  Gaw  Park,  IL)  with  a  recording  accuracy  to  0.1  mg  was  used  to 
weigh  both  the  subjects  and  the  amounts  of  food. 

Under  base-line  conditions,  the  daily  food  intake  for  each  group  was 
measured  60  min  after  food  was  presented.  Any  food  remaining  in  the 
cage  at  the  end  of  this  time  was  collected  and  weighed.  This  amount, 
which  reflected  the  uneaten  balance  of  each  subject’s  total  daily  ration, 
was  always  returned  to  the  home  cage  after  weighing.  The  base  line 
was  considered  stable  when  all  the  subjects  reliably  ate  during  this  60- 
min  period  after  food  presentation  and  individual  consumption  patterns 
showed  no  increasing  or  decreasing  trends.  After  the  base  line  had 
stabilized  (6-13  days),  the  subjects  that  would  receive  each  drug  were 
subdivided  into  eight  groups  (n  =  8  per  group),  except  for  one  group  of 
controls  in  the  experiment  using  chlordiazepoxide  (n  =  7).  The  subjects 
were  allocated  within  each  group,  such  that  all  groups  were  balanced 
for  mean  food  consumption  during  the  60-min  test  period. 

For  each  drug  tested,  the  treatment  regimen  for  the  eight  groups 
remained  the  same  and  food  intake  for  all  groups  was  measured  over  5 
consecutive  days.  Three  groups  received  a  single  4.5-Gy  dose  of  radia¬ 
tion  on  day  1  of  the  experiment  followed  by  5  days  of  drug  injections. 
Three  other  groups  received  a  sham  exposure  on  day  1  followed  by  5 
days  of  drug  injections.  The  remaining  two  groups,  which  served  as 
controls,  received  5  days  of  saline  injections  after  either  a  4.5-Gy  dose 
of  radiation  or  a  sham  exposure.  The  4.5-Gy  dose  of  radiation  was 
selected  on  the  basis  of  preliminary  dose-effect  data  with  other  rats. 

Radiation.  Both  sham  and  radiation  exposures  were  conducted  4 
hr  before  the  first  test  period  on  day  1.  At  this  time,  the  subjects  were 
placed  in  well  ventilated  plastic  restraining  tubes  and  either  a  single 
unilateral  whole-body  dose  of  bremsstrahlung  (before  testing  chlordi¬ 
azepoxide)  or  a  single  bilateral  whole-body  dose  of  ®°Co  gamma  radia¬ 
tion  (before  testing  ondansetron  and  8-OH-DPAT)  was  administered. 
Bremsstrahlung  (3  MeV  average  energy)  was  generated  by  the  AFRRI 
high-energy  electron  linear  accelerator  by  using  18.1 -MeV  electrons  (a 
3.8-^isec  pulse  at  30  pulses/sec)  and  administered  at  a  nominal  dose 
rate  of  2  Gy/min.  Gamma  radiation  from  the  AFRRI  ^Co  facility  was 
administered  bilaterally  at  a  nominal  dose  rate  of  2.5  Gy/min.  The 
lower  dose  rate  for  bremsstrahlung  exposures  was  due  to  technical 
difficulties  on  the  irradiation  day.  The  subjects  were  generally  exposed 
four  at  a  time  by  using  a  clear  plastic  stand  that  held  the  restraining 
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tubes  horizontally  one  above  the  other.  One  subject  from  each  of  the 
four  radiation  treatment  groups  was  included  in  each  exposure  such 
that  these  groups  were  counterbalanced  for  variability  in  administered 
dose  over  the  multiple  exposures  {e.g.y  a  maximum  variability  of  ±  0.19 
Gy  was  estimated  for  the  linear  accelerator).  Before  the  actual  animal 
irradiations,  the  desired  midline  tissue  dose  rates  were  established  by 
using  an  acrylic  rat  phantom  with  a  tissue  equivalent  ionization  cham¬ 
ber  (calibration  traceable  to  National  Institute  of  Standards  and  Tech¬ 
nology).  Dosimetric  measurements  were  made  according  to  the  Amer¬ 
ican  Association  of  Physicists  in  Medicine  protocol  for  the  determina¬ 
tion  of  absorbed  dose  from  high-energy  photon  and  electron  beams 
(Task  Group  21,  1983).  The  tissue-to-air  ratio  for  the  dose  was  deter¬ 
mined  for  the  gamma  irradiations  and  found  to  be  0.93  (for  midline 
tissue  dose  at  abdomen  level).  Each  irradiation  was  conducted  on  a 
Monday  and  required  approximately  20  min.  This  time  included  the 
actual  exposure  and  the  time  necessary  for  transporting  the  rats  to  and 
from  the  exposure  area.  Sham  exposures  for  the  groups  not  receiving 
radiation  consisted  of  placing  the  subjects  in  restraining  tubes  for  a 
comparable  amount  of  time  and  transporting  them  to  and  from  the 
exposure  area. 

Drugs.  The  drugs  used  were  chlordiazepoxide  hydrochloride  (Sigma, 
St.  Louis,  MO),  ondansetron  hydrochloride  dihydrate  (Glaxo  Group 
Research,  Middlesex,  UK)  and  8-OH-DPAT  (Research  Biochemicals, 
Natick,  MA).  Doses  of  each  drug  were  dissolved  in  sterile  saline  (0.9%). 
The  injection  volume  for  both  saline  and  drug  was  0.1  ml/100  g  body 
weight.  Each  drug  was  given  i.p..  Chlordiazepoxide  was  administered 
30  min  before  each  of  the  five  60-min  test  periods;  ondansetron  and  8- 
OH-DPAT  were  given  20  min  before  the  60-min  test  periods.  The  doses 
of  chlordiazepoxide  (1.8,  6.6  and  18  mg/kg),  ondansetron  (0.1,  0.3  and 
1  mg/kg),  and  8-OH-DPAT  (0.1,  0.3  and  1  mg/kg)  were  selected  from 
the  literature  (Cooper  and  Moores,  1985;  Dourish  et  a/.,  1985;  Shepherd 
and  Rodgers,  1990).  To  ensure  familiarity  with  both  injection  proce¬ 
dures  and  radiation  procedures,  all  subjects  were  injected  with  saline 
(20  or  30  min  before  feeding)  and  placed  in  the  restraining  tubes  (4  hr 
before  feeding)  on  three  separate  occasions  during  the  pretreatment 
base-line  phase. 

Data  analysis.  The  food  intake  was  calculated  in  grams  for  each 
rat  on  each  day  of  the  5-day  treatment  period;  the  mean  food  intake 
for  each  rat  over  the  5-day  treatment  period  was  also  calculated.  Group 
data  on  food  intake  for  individual  treatment  days  and  for  the  5-day 
average  were  analyzed  statistically  using  a  two-way  A  NOVA.  After  the 
two-way  ANOVAs,  Dunnett’s  tests  were  used  to  make  pairwise  com¬ 
parisons.  All  pairwise  comparisons  were  two-tailed  with  an  alpha  level 
set  at  less  than  .05. 

Results 

The  effects  of  chlordiazepoxide  on  the  mean  food  intake  in 
both  irradiated  and  sham -irradiated  groups  are  shown  in  table 
1.  As  indicated  by  the  data  in  the  table,  food  intake  during  the 
daily  60-min  test  was  stable  across  all  5  days  of  treatment  in 
the  control  group  that  received  sham  irradiation  followed  by  5 
days  of  saline  injections.  However,  a  4. 5- Gy  dose  of  bremss- 
trahlung  photon  radiation  significantly  decreased  food  intake 
on  each  treatment  day  in  the  group  that  received  saline  and 
the  groups  that  received  chlordiazepoxide  (ANOVA,  main  effect 
of  radiation,  P  <  .01  on  each  day).  This  main  effect  of  radiation 
was  particularly  evident  in  the  group  that  received  radiation 
followed  by  5  days  of  saline  injections.  In  this  group,  food 
intake  on  postirradiation  days  2,  3  and  4  was  reduced  40%  to 
56%  relative  to  the  control  group.  In  irradiated  chlordiazepox¬ 
ide  groups  on  treatment  day  2,  for  example,  radiation-induced 
decreases  in  food  intake  were  most  evident  in  the  groups  that 
received  dose  of  1.8  and  18  mg/kg. 

Chlordiazepoxide  dose -dependency  increased  the  mean  food 
intake  in  both  irradiated  and  sham-irradiated  subjects.  This 


TABLE  1 

Effects  of  chlordiazepoxide  (CDZP)  on  food  intake  in  grams  during 
a  daily  60-min  test  period  in  both  irradiated  and  sham-irradiated 
rats 


Group 

Days  of  Treatment 

1 

2 

3 

4 

5 

Sham  + 

lo.r 

9.4 

10.7 

9.4 

10.6 

Saline 

0.6 

1.1 

1.2 

0.9 

0.8 

Radiation^  -h 

8.3 

4.4 

4.7 

5.6 

7.6 

Saline 

1.4 

0.9 

0.8 

0.9 

0.7 

Sham  -H 

11.7 

9.7 

12.2 

13.1 

14.7 

CDZP  1 .8  mg/kg 

1.2 

1.1 

1.1 

1.0 

0.9 

Radiation  -l- 

9.5 

4.8 

6.2 

6.9 

9.8 

CDZP  1 .8  mg/kg 

1.0 

0.7 

0.7 

0.8 

1.2 

Sham  -I- 

14.8 

10.4 

13.2 

13.5 

16.4 

CDZP  5.6  mg/kg 

0.9 

0.9 

1.0 

0.8 

0.7 

Radiation  -i- 

11.1 

7.5 

9.0 

8.7 

12.4 

CDZP  5.6  mg/kg 

0.9 

0.9 

0.8 

0.7 

1.2 

Sham  -I- 

10.5 

11.4 

11.7 

10.9 

12.3 

CDZP  18  mg/kg 

1.4 

0.9 

1.0 

1.2 

1.0 

Radiation  -i- 

8.9 

6.9 

6.5 

6.6 

9.5 

CDZP  18  mg/kg 

1.1 

1.1 

1.0 

0.9 

1.1 

■Mean  Intake  and  one  S.E.M.  (below)  for  eight  subjects  (seven  for  sham 
irradiation  and  saline). 

*  4.5  Gy  of  bremsstrahlung  administered  at  a  nominal  rate  of  2  Gy/min. 


finding  was  confirmed  by  a  significant  main  effect  for  the 
chlordiazepoxide  dose  when  individual  treatment  days  were 
analyzed  (P  <  .05  for  each  of  the  5  days).  The  interaction  of 
radiation  and  chlordiazepoxide  dose,  however,  was  not  signifi¬ 
cant  for  any  individual  treatment  day  (P  >  .1  for  each  of  the  5 
days),  which  indicated  that  chlordiazepoxide  did  not  selectively 
increase  food  intake  in  irradiated  or  sham -irradiated  groups. 
The  increases  in  mean  food  intake  produced  by  chlordiazepox¬ 
ide  were  clearly  evident  in  the  data  obtained  with  the  5.6-mg/ 
kg  dose.  In  sham-irradiated  subjects,  this  dose  increased  food 
intake  above  13  g  on  4  of  5  treatment  days  and,  in  irradiated 
subjects,  this  dose  increased  the  mean  intake  to  levels  that 
approximated  those  of  the  control  group. 

Figure  1  shows  the  overall  changes  in  the  mean  food  intake 
produced  by  both  radiation  and  chlordiazepoxide  when  the  data 
for  all  5  days  were  averaged.  As  shown,  chlordiazepoxide  pro¬ 
duced  a  comparable  dose-dependent  increase  in  food  intake  in 
both  sham-irradiated  and  irradiated  subjects.  Inferential  statis¬ 
tics  conducted  on  these  data  confirmed  that  the  4. 5- Gy  dose  of 
radiation  significantly  decreased  food  intake  (F(l,55)  =  54.75, 
P  <  .001),  whereas  chlordiazepoxide  significantly  increased 
food  intake  (F(3,55)  =  7.38,  P  <  .001).  Similar  to  the  analysis 
for  individual  treatment  days,  the  analysis  of  the  combined 
data  indicated  that  the  interaction  of  the  radiation  and  chlor¬ 
diazepoxide  dose  was  not  significant  (F(3,55)  =  .25,  P  >  .1). 
Subsequent  pairwise  comparisons  done  with  sham-irradiated 
and  irradiated  groups  collapsed  for  each  dose,  which  indicated 
that  both  the  1.8-  and  5.6- mg/kg  doses  of  chlordiazepoxide 
increased  food  intake  significantly  (P  <  .05,  by  Dunnett’s  test) 
versus  saline  treatment  for  the  entire  5 -day  treatment  period. 

The  effects  of  ondansetron  alone  and  ondansetron  in  com¬ 
bination  with  gamma  photon  radiation  on  food  intake  are 
shown  in  table  2.  Although  the  mean  intake  for  the  control 
group  was  relatively  high  on  the  initial  day  of  treatment  (16.6 
g),  food  intake  was  stable  over  the  subsequent  4  days.  In 
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M5I  Sham-Irradiated 

Irradiated  (4.5  Gy) 

Chlordiazepoxide  Dose  (mg/kg) 

Fig.  1.  Effects  of  chlordiazepoxide  on  mean  food  intake  for  5  days  during 
a  60-min  test  period  in  both  sham-irradiated  and  irradiated  (!)  groups. 
Each  group  contained  eight  rats,  with  the  exception  of  the  group  that 
received  saline  and  sham  irradiation,  which  had  seven  rats.  Both  sham 
irradiation  and  irradiation  with  4.5  Gy  occurred  4  hr  before  the  first  60- 
min  test  period  on  day  1 .  Chlordiazepoxide  was  given  i.p.  30  min  before 
each  of  the  five  60-min  test  periods.  The  vertical  lines  above  each  bar 
represent  the  S.E.M.  for  each  group.  Two-way  ANOVA  showed  signifi¬ 
cant  main  effects  of  radiation  and  chlordiazepoxide  dose  (P  <  .05)  and 
a  nonsignificant  radiation  x  chlordiazepoxide  dose  interaction.  Dunnett’s 
tests  done  with  sham-irradiated  and  irradiated  groups  combined  indi¬ 
cated  the  1.8-  and  5.6-mg/kg  doses  were  significantly  different  from 
saline  controls  (P  <  .05).  For  other  details,  see  text. 

TABLE  2 


Effects  of  ondansetron  (OND)  on  food  intake  in  grams  during  a 
daily  60-min  test  period  in  both  irradiated  and  sham-irradiated  rats 


Group 

Days  of  Treatment 

1 

2 

3 

4 

5 

Sham  -1- 

16.6* 

12.1 

13.4 

14.3 

14.6 

Saline 

1.3 

1.3 

1.1 

1.5 

1.7 

Radiation*^  -h 

10.4 

4.6 

6.0 

6.6 

9.9 

Saline 

1.5 

1.1 

1.1 

1.5 

1.7 

Sham  -1- 

14.9 

12.2 

12.4 

11.7 

13.0 

OND  0.1  mg/kg 

1.6 

1.8 

2.1 

1.9 

1.7 

Radiation  -l- 

11.6 

6.1 

5.4 

8.1 

9.2 

OND  0.1  mg/kg 

1.3 

0.3 

0.6 

0.6 

1.2 

Sham  + 

16.2 

11.9 

11.1 

11.8 

12.8 

OND  0.3  mg/kg 

1.7 

2.3 

1.7 

1.5 

2.2 

Radiation  -l- 

11.5 

5.3 

6.1 

5.3 

7.0 

OND  0.3  mg/kg 

1.5 

0.7 

1.2 

0.8 

1.2 

Sham  -1- 

13.4 

10.8 

12.3 

9.4 

12.1 

OND  1  mg/kg 

1.1 

1.0 

0.8 

0.9 

1.1 

Radiation  + 

11.3 

6.1 

6.3 

7.8 

9.5 

OND  1  mg/kg 

1.3 

1.1 

0.8 

1.3 

1.4 

•  Mean  intake  and  one  S.E.M.  (below)  for  eight  subjects. 

*  4.5  Gy  of  gamma  rays  (“Co)  administered  at  a  nominal  rate  of  2.5  Gy/min. 


contrast,  a  4.5-Gy  dose  of  gamma  radiation  sharply  decreased 
the  daily  food  intake  during  the  60-min  test  period  in  all 
radiation -treated  groups.  This  main  effect  of  gamma  radiation 
was  highly  significant  when  individual  treatment  days  were 
analyzed  (P  <  .001  for  each  of  the  5  days).  Radiation -induced 
decreases  in  the  mean  food  intake  can  easily  be  seen  in  the 
data  for  all  irradiated  groups  on  treatment  days  2  and  3.  On 
these  days,  the  food  intake  for  irradiated  subjects  receiving 
either  saline  or  ondansetron  was  approximately  one-half  that 
for  subjects  in  the  control  group. 

Although  analyses  of  daily  treatment  data  produced  a  main 


effect  of  radiation,  both  the  ondansetron  dose  and  the  interac¬ 
tion  of  ondansetron  dose  and  radiation  were  not  significant 
(P  >  .1  on  each  of  the  5  treatment  days  in  both).  In  general, 
the  fact  that  ondansetron  dose  had  no  effect  on  food  intake 
was  reflected  in  data  obtained  from  both  sham-irradiated  and 
irradiated  groups.  For  example,  the  intake  for  the  sham-irra¬ 
diated  drug  groups  across  all  5  treatment  days  remained  stable, 
whereas  the  intake  for  the  irradiated  drug  groups  on  consecutive 
treatment  days  was  comparable  to  that  of  the  group  receiving 
radiation  and  saline.  These  same  effects  were  also  evident  in 
the  5-day  averages  depicted  in  figure  2.  As  shown,  radiation 
significantly  (F(l,56)  =  34.45,  P  <  .001)  reduced  the  mean  food 
intake,  regardless  of  postirradiation  treatment  (i.e.,  saline  or 
one  of  the  three  doses  of  ondansetron),  whereas  ondansetron 
in  combination  with  either  sham  irradiation  or  radiation  had 
no  significant  effect  (F(3,56)  =  0.29,  P  >  .1;  F(3,56)  =  0.64,  P 
>  .1,  respectively)  compared  with  the  respective  control  groups 
that  received  saline. 

Table  3  shows  the  effects  of  8-OH-DPAT  in  both  sham- 
irradiated  and  irradiated  subjects.  As  found  previously,  food 
intake  was  stable  after  sham  irradiation  and  5  consecutive  days 
of  saline  injections.  Although  these  control  subjects  consumed 
somewhat  less  food  during  the  60-min  test  period  than  control 
subjects  for  chlordiazepoxide  and  ondansetron  treatments,  the 
mean  intake  was  stable  on  each  treatment  day.  In  subjects  that 
received  a  4.5-Gy  dose  of  gamma  rays  and  daily  injections  of 
either  saline  or  drug,  the  mean  food  intake  was  significantly 
decreased  on  each  treatment  day  (ANOVA,  main  effect  of 
radiation,  P  <  .001).  Note  that  the  intake  for  the  irradiated 
group  receiving  saline  was  consistently  below  3  g  on  all  5  days 
of  treatment;  the  intake  for  control  subjects  was  consistently 
two-  or  threefold  greater  on  each  of  the  5  days.  The  effect  of 
radiation  in  all  dose  groups,  although  somewhat  less  evident, 
can  be  seen  on  several  of  the  treatment  days.  On  treatment 
days  2  and  3,  for  example,  food  intake  in  the  0.1-  and  0.3-mg/ 
kg  dose  groups  exposed  to  radiation  was  substantially  lower 
than  that  for  the  control  subjects  or  subjects  that  received  the 
same  dose  of  8-OH-DPAT  after  sham  irradiation. 

The  effects  of  8-OH-DPAT  were  most  similar  to  those  for 
chlordiazepoxide  in  that  drug  alone  significantly  increased  the 


Ondansetron  Dose  (mg/kg) 

Fig.  2.  Effects  of  ondansetron  on  mean  food  intake  for  5  days  during  a 
60-min  test  period  in  both  sham-irradiated  and  irradiated  (4.5  Gy)  groups. 
Each  group  contained  eight  rats  and  doses  of  ondansetron  were  given 
i.p.  20  min  before  each  of  the  five  60-min  test  periods.  The  vertical  lines 
above  each  bar  represent  the  S.E.M.  for  each  group.  Two-way  ANOVA 
showed  a  significant  main  effect  of  radiation  (P  <  .05)  and  nonsignificant 
effects  for  ondansetron  dose  or  the  radiation  x  ondansetron  dose 
Interaction.  For  other  details,  see  text. 


146 


Winsauer  et  al. 


Vo/.  270 


TABLE  3 

Effects  of  8>OH-DPAT  (S-OH)  on  food  intake  in  grams  during  a  daily 
60'min  test  period  in  both  irradiated  and  sham-irradiated  rats 


Group 

Days  of  Treatment 

1 

2 

3 

4 

5 

Sham  -1- 

6,8* 

5.5 

7.5 

6.7 

5.9 

Saline 

1.3 

0.9 

1.1 

0.7 

0.9 

Radiation^  -h 

2,1 

2.5 

2.9 

2.3 

2.3 

Saline 

0.8 

1.0 

1.1 

0.9 

0.9 

Sham  + 

8.0 

7.3 

7.9 

13.0 

6.0 

8-OH  0.1  mg/kg 

1.0 

1.0 

1.3 

1.1 

0.9 

Radiation  -i- 

6.5 

2.3 

2.5 

8.8 

4.7 

8-OH  0.1  mg/kg 

0.8 

0.4 

0.6 

1.1 

0.4 

Sham  + 

8.3 

7.7 

6.4 

9.9 

8.2 

8-OH  0.3  mg/kg 

1.2 

0.7 

0.9 

1.1 

0.5 

Radiation  + 

5.2 

3.3 

3.0 

5.2 

3.8 

8-OH  0.3  mg/kg 

0.6 

0.8 

0.7 

1.1 

0.6 

Sham  -H 

7.4 

9.6 

9.9 

11.0 

9.0 

8-OH  1  mg/kg 

1.0 

1.1 

1.0 

1.1 

0.8 

Radiation  -I- 

4.8 

3.9 

4.8 

4.3 

4.4 

8-OH  1  mg/kg 

1.0 

0.7 

0.8 

0.9 

1.3 

•  Mean  intake  and  one  S.E.M.  (below)  for  eight  subjects. 

4.5  Gy  of  gamma  rays  (*®Co)  administered  at  a  nominal  rate  of  2.5  Gy/min. 


8-OH-DPAT  Dose  (mg/kg) 


Fig.  3.  Effects  of  8-OH-DPAT  on  mean  food  intake  for  5  days  during  a 
60-min  test  period  in  both  sham-irradiated  and  irradiated  (4.5  Gy)  groups. 
Each  group  contained  eight  rats  and  doses  of  8-OH-DPAT  were  given 
i.p.  20  min  before  each  of  the  five  60-min  test  periods.  The  vertical  lines 
above  each  bar  represent  the  S.E.M.  for  each  group.  Two-way  ANOVA 
showed  significant  main  effects  of  radiation  and  8-OH-DPAT  dose  (P  < 
.05)  and  a  nonsignificant  radiation  x  8-OH-DPAT  dose  interaction.  Dun- 
netLs  tests  done  with  sham-irradiated  and  irradiated  groups  combined 
indicated  all  three  doses  of  8-OH-DPAT  were  significantly  different  from 
saline  controls  (P  <  .05).  For  other  details,  see  text. 


Discussion 


mean  food  intake  on  individual  treatment  days  (ANOVA,  main 
effect  of  8-OH-DPAT,  P  <  .05)  but  the  interaction  between 
radiation  and  drug  dose  was  not  significant  (P  >  .1).  One 
exception  was  that  the  effects  of  all  three  doses  of  8-OH-DPAT 
were  not  significant  on  treatment  day  3  {F(3,56)  =  2.17,  P  > 
.1).  Despite  the  absence  of  a  significant  effect  on  this  day,  the 
effects  of  8-OH-DPAT  on  the  mean  food  intake  can  be  seen 
over  multiple  days  in  several  dose  groups.  When  1  mg/kg  of  8- 
OH-DPAT  was  given  on  successive  days  after  sham  irradiation, 
for  example,  the  mean  food  intake  was  greater  than  9  g  on  3  of 
5  treatment  days.  Moreover,  irradiated  subjects  that  received 
this  dose  consistently  ate  more,  on  average,  than  subjects  that 
received  radiation  and  saline. 

The  overall  effects  represented  by  the  5-day  averages  are 
shown  in  figure  3.  In  general,  mean  food  intake  was  decreased 
in  all  irradiated  subjects  compared  with  that  in  the  sham- 
irradiated  subjects  and  8-OH-DPAT  tended  to  increase  the 
intake  similarly  in  both  irradiated  and  sham-irradiated  groups. 
These  effects  were  confirmed  by  a  highly  significant  effect  of 
radiation  {F(l,56)  =  76.99,  P  <  .001)  and  a  significant  effect  of 
8-OH-DPAT  dose  {F(3,56)  =  5.52,  P  <  .05).  In  addition,  anal¬ 
yses  of  these  data  supported  the  analyses  of  daily  treatment 
data  in  that  the  interaction  between  radiation  and  drug  dose 
was  not  significant  (F(3,56)  =  0.24,  P  >  .1).  Pairwise  com¬ 
parisons  conducted  on  the  collapsed  data  indicated  a  sig¬ 
nificant  effect  (P  <  .05,  by  Dunnett’s  test)  for  all  three  doses  of 
8-OH-DPAT. 

The  effects  on  food  intake  were  occasionally  apparent  24  hr 
after  radiation  and  the  administration  of  all  three  drugs.  More 
specifically,  24-hr  decreases  in  food  intake  occurred  in  3  of  12 
total  radiation  groups  and  these  3  groups  were  part  of  8  groups 
of  subjects  designated  for  testing  8-OH-DPAT.  Even  in  these 
three  groups,  however,  the  decreases  in  24-hr  consumption  were 
limited  to  only  one-half  of  the  subjects  in  each  group.  Unfor¬ 
tunately,  24-hr  increases  in  food  intake  were  not  detectable 
using  this  feeding  procedure  in  which  only  a  measured  amount 
of  food  was  presented  on  each  treatment  day. 


Although  the  results  on  mean  food  intake  with  ionizing 
radiation,  chlordiazepoxide  and  8-OH-DPAT  alone  might  have 
been  predicted  from  previous  research,  no  study  to  our  knowl¬ 
edge  has  examined  food  intake  in  rats  after  the  administration 
of  both  radiation  and  drugs  that  directly  affect  food  intake.  It 
is  well  established,  for  example,  that  ionizing  radiation  alone 
can  decrease  food  intake  for  a  period  of  1  to  5  days,  which 
depends  on  the  total  dose  administered  (Jarrard,  1963;  Morse 
and  Mickley,  1988;  Newsom  and  Kimeldorf,  1954;  Smith  and 
Tyree,  1954;  Smith  et  al,  1952a).  By  using  a  2-hr  test  period, 
Jarrard  (1963)  found  that  rats  that  received  0.9  Gy  of  x-ray 
irradiation  ate  less  than  did  nonirradiated  control  animals  1 
day  after  exposure,  whereas  those  that  received  2.9  and  4.8  Gy 
ate  less  for  5  days. 

In  the  present  study,  4.5  Gy  of  both  bremmsstrahlung  from 
a  linear  accelerator  and  gamma  rays  from  a  ®°Co  source  (deliv¬ 
ered  at  2  Gy/min  and  2.5  Gy/min,  respectively)  produced 
comparable  deficits  that  lasted  4  to  5  days.  The  fact  that 
different  dose  rates  did  not  produce  a  change  in  effect  was  not 
surprising,  given  the  small  difference  in  the  rate  and  the  reports 
of  several  investigators,  which  showed  that  the  total  dose,  not 
the  dose  rate,  was  primarily  responsible  for  the  observed  be¬ 
havioral  effects  on  feeding  (Morse  and  Mickley,  1988;  Smith 
and  Tyree,  1954).  Morse  and  Mickley  (1988),  in  one  of  the  few 
rodent  feeding  studies  that  involved  ®°Co  gamma  radiation, 
found  that  3  or  8  Gy  decreased  eating  behaviors  relatively 
independently  of  a  0.4  to  10  Gy/min  change  in  the  exposure 
rate. 

Unlike  radiation,  both  chlordiazepoxide  and  8-OH-DPAT 
have  been  tested  extensively  in  feeding  paradigms  similar  to 
the  one  in  the  present  study  (Cooper,  1991).  In  general,  these 
drugs  consistently  increased  food  intake  in  rats  during  test 
periods  ranging  from  5  min  to  4  hr.  In  the  present  study  with 
rats,  administering  three  doses  of  each  drug  for  5  consecutive 
days  before  a  60-min  test  period  resulted  in  significant  increases 
in  food  intake  compared  with  that  in  saline-treated  controls. 
As  mentioned,  these  effects  were  similar  to  the  effects  in  many 
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studies  that  specifically  examined  the  hyperphagic  properties 
of  chlordiazepoxide  (Cole,  1983;  Cooper  and  Moores,  1985; 
Fletcher  et  at.,  1980;  Sanger,  1984;  Witkin  and  Leander,  1982) 
and  8-OH'DPAT  (Aulakh  et  a/.,  1988;  Dourish  et  a/.,  1985; 
Dourish  et  al.y  1986;  Hutson  et  ai,  1988;  Montgomery  et  al.y 
1989).  For  example,  Cooper  and  Moores  (1985)  found  that  1.25 
to  20  mg/kg  of  chlordiazepoxide  in  nondeprived  rats  increased 
food  intake  during  a  30-min  test  by  as  much  as  10  g  at  higher 
doses.  Similarly,  Dourish  et  al  (1986)  reported  that  0.25  to  4 
mg/kg  of  8-OH-DPAT  in  nondeprived  rats  increased  food 
intake  approximately  2  to  4  g  during  a  2-hr  period.  In  the  only 
feeding  study  that  gave  chlordiazepoxide  and  saline  over  a  5- 
day  period  and  directly  compared  chlordiazepoxide  with  8’OH- 
DPAT,  Fletcher  and  Davies  (1990)  found  that  both  drugs 
prolonged  the  total  time  spent  eating  during  a  10-min  test. 
However,  they  also  found  that  chlordiazepoxide,  unlike  8-OH- 
DPAT,  reduced  the  latency  to  begin  eating  and  increased  the 
consumption  of  novel  food  items  (i.e.,  abolished  food  neopho¬ 
bia)  during  an  initial  10-min  test  period.  Although  these  types 
of  differences  were  not  examined  in  this  study,  specific  differ¬ 
ences  in  hyperphagic  effects  (Fletcher  and  Davies,  1990)  and 
mechanism  of  action  (Fletcher  et  al,  1980;  Hutson  et  al,  1988; 
Kennett  et  al,  1987)  have  been  reported  for  these  drugs.  One 
notable  difference  between  the  present  8-OH-DPAT  data  and 
the  results  from  a  previous  study  with  8-OH-DPAT  involved 
repeated  administrations.  In  the  present  study,  repeated  ad¬ 
ministrations  of  8-OH-DPAT  did  not  attenuate  the  hyper¬ 
phagic  effect,  whereas  Kennett  et  al  (1987)  found  that  a  1-mg/ 
kg  injection  of  8-OH-DPAT  on  the  initial  test  day  attenuated 
the  subsequent  day’s  drug  effect  on  feeding.  This  was  clearly 
not  the  case  with  either  8-OH-DPAT  or  chlordiazepoxide  in 
the  present  study.  In  fact,  analyses  indicated  a  significant  dose 
effect  on  4  of  5  treatment  days  for  8-OH-DPAT  and  all  5 
treatment  days  for  chlordiazepoxide. 

In  contrast  to  chlordiazepoxide  and  8-OH-DPAT,  all  three 
doses  of  ondansetron  did  not  produce  any  significant  effects  on 
food  intake.  This  finding  with  ondansetron  was  similar  to  that 
in  a  study  by  Mele  et  al.  (1992),  which  showed  that  0.1  to  10 
mg/kg  of  ondansetron  did  not  attenuate  a  cisplatin-induced 
conditioned  taste  aversion.  As  Cooper  (1991)  points  out  in  a 
review  of  5HT3  antagonists  on  ingestional  responses,  the  be¬ 
havioral  effects  with  these  compounds  have  been  extremely 
limited  in  scope  and  lack  consistency.  In  one  study,  for  example, 
van  der  Hoek  and  Cooper  (1990)  reported  that  comparatively 
low  doses  of  ondansetron  in  rats  (3-30  /xg/kg  i.p.)  decreased 
food  intake  during  a  60-min  test  period.  In  another  study, 
Shepherd  and  Rodgers  (1990)  reported  that  ondansetron  in 
mice  (1  and  2  mg/kg  s.c.)  increased  feeding  during  a  5-min 
control  test.  Finally,  a  third  study  found  that  low  doses  of  the 
5HT3  antagonist  ICS  205-930  (tropesition)  decreased  food  in¬ 
take  in  rats,  whereas  higher  doses  were  ineffective  (Fletcher 
and  Davies,  1990).  Because  these  few  studies  reported  equivocal 
effects  on  food  intake  with  either  ondansetron  or  other  5HT3 
antagonists,  it  is  difficult  to  interpret  the  role  5HT3  receptors 
might  play  in  feeding. 

The  present  results  and  previous  research  with  5HT3  antag¬ 
onists  indicate  the  need  for  further  research  on  the  involvement 
of  5HT3  receptors  in  feeding.  At  the  least,  existing  studies  with 
these  drugs  point  to  the  need  for  examining  a  broad  range  of 
doses.  The  present  results  show  that  ondansetron  doses  of  0.1 
to  1  mg/kg  do  not  affect  food  intake,  even  though  comparable 
doses  have  been  shown  to  affect  rats’  social  interactions  (Jones 


et  al,  1988),  gastric  emptying  (Buchheit  et  al,  1989;  Forster 
andDockray,  1990),  cisplatin-induced  pica  (Takeda  et  a/.,  1993) 
and  anorexia  related  to  benzodiazepine  withdrawal  (Goudie 
and  Leathley,  1990).  As  Goudie  and  Leathley  (1990)  suggest, 
5HT3  antagonists  may  have  an  inverted  U-shaped  dose-effect 
curve  for  behaviors  other  than  those  associated  with  food 
intake.  In  any  case,  the  present  results  with  ondansetron  at 
two  periods  (60  min  and  24  hr)  extend  their  work  at  a  single 
time  period  (24  hr)  and  show  that  repeated  administration  with 
comparable  doses  does  not  affect  food  intake. 

Of  particular  note  in  the  present  study  was  the  somewhat 
surprising  finding  that  no  significant  interactions  were  ob¬ 
tained  between  radiation  and  the  three  types  of  drugs  tested. 
Although  there  were  instances  in  which  doses  of  both  chlordi¬ 
azepoxide  and  8-OH-DPAT  increased  the  food  intake  in  irra¬ 
diated  subjects,  these  increases  were  independent  of  the  de¬ 
creases  in  food  intake  produced  by  a  4.5-Gy  dose  of  radiation. 
In  the  cases  of  chlordiazepoxide  and  8-OH-DPAT,  specifically, 
these  findings  indicate  that  radiation  probably  did  not  affect 
the  mechanisms  by  which  each  drug  is  thought  to  stimulate 
food  intake.  Chlordiazepoxide,  for  example,  exerts  hyperphagic 
effects  through  direct  action  on  benzodiazepine  receptors  on 
the  GABA  complex  (Fletcher  et  al,  1980;  Cooper,  1980;  Cooper 
and  Moores,  1985).  The  drug  8-OH-DPAT  and  other  5HTia 
agonists  are  thought  to  exert  hyperphagic  effects  by  stimulating 
serotonin  autoreceptors  that,  in  turn,  decrease  the  release  of 
serotonin  (Dourish  et  al,  1985;  Dourish  et  al,  1986),  a  neuro¬ 
transmitter  known  to  inhibit  food  intake  in  rats  (Luo  and  Li, 
1991).  Thus,  radiation  does  not  seem  to  affect  these  proposed 
mechanisms  and  it  would  appear  that  the  anorectic  effect  of 
radiation  in  the  present  study  was  not  due  to  damage  or 
disruption  of  these  mechanisms  because  they  functioned  in  an 
expected  manner  at  the  doses  tested  when  pharmacologically 
challenged. 

There  are  some  interesting  points  concerning  the  observa¬ 
tions  made  24  hr  after  food  presentation.  One  important  obser¬ 
vation  was  the  fact  that  4.5  Gy  of  radiation  tended  to  decrease 
consumption  more  over  a  60-min  test  period  than  over  a  24-hr 
period  between  food  presentations.  In  other  words,  acute  pe¬ 
riods  of  consumption  or  meal  patterns  were  more  disrupted  in 
rats  than  was  the  overall  consumption  for  a  24-hr  period.  The 
groups  that  did  show  24-hr  decreases  tended  to  have  60-min 
food  intake  levels  that  were  lower  than  those  that  occurred  for 
the  other  16  groups  used  to  test  radiation  and  the  two  other 
drugs.  Therefore,  lower  base-line  levels  of  consumption  for  the 
daily  60-min  test  period  may  have  contributed  to  the  24-hr 
decreases  obtained  in  these  radiation  groups.  A  second  possi¬ 
bility  for  the  few  24-hr  decreases  obtained  was  compensatory 
hypophagia.  Although  such  an  effect  was  not  apparent  in  this 
study  with  chlordiazepoxide,  such  effects  have  been  reported 
after  acute  increases  in  food  intake  after  chronic  administration 
of  some  benzodiazepines  (Seyrig  et  al,  1986).  It  is  also  difficult 
to  attribute  the  24-hr  decreases  to  differences  in  radiation 
exposure  (e.g.,  dose  rate,  bremmsstrahlung  versus  gamma  ra¬ 
diation  or  unilateral  versus  bilateral  exposure)  because  the 
overall  behavioral  effect  of  radiation  at  60  min  was  no  greater 
in  these  subjects  compared  with  that  in  control  groups  across 
all  three  drugs.  In  addition,  24-hr  decreases  in  food  intake  were 
not  found  in  any  of  the  eight  ondansetron -treated  groups,  which 
had  similar  exposure  conditions  to  those  in  the  8-OH-DPAT 
groups. 

Far  more  research  with  radiation  and  drugs  that  affect  feed- 
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ing  is  needed  to  begin  addressing  the  problems  associated  with 
radiation- induced  decreases  in  food  intake.  Certainly,  several 
factors  alone  or  a  combination  of  factors  may  contribute  to  the 
anorectic  effect  commonly  found  in  many  species  after  radia¬ 
tion  exposure.  Irritation  of  the  alimentary  tract  (Smith  et  a/., 
1952ab),  decreases  in  gastric  emptying  (Goodman  et  aly  1952; 
Hulse,  1966;  Hulse  and  Patrick,  1977;  Smith  and  Tyree,  1954) 
or  even  decreases  in  activity  (Johnson  et  a/.,  1946;  Jones  et  al.y 
1954),  all  occur  in  rats  after  radiation  exposure  at  the  dose 
tested  and  each  can  lead  to  a  decrease  in  food  intake.  One 
reason  to  suspect  a  combination  of  factors  stems  from  the  fact 
that  none  of  these  factors  alone  adequately  explains  the  present 
results  or  other  existing  data.  For  example,  if  decreases  in 
gastric  emptying  alone  were  responsible,  we  might  have  ex¬ 
pected  ondansetron  to  have  either  increased  or  decreased  food 
intake  because  ondansetron  and  other  5HT3  antagonists  have 
been  shown  in  rats  to  increase  (Buchheit  et  aly  1989)  or 
decrease  (Forster  and  Dockray,  1990)  basal  levels  of  gastric 
emptying,  respectively.  Likewise,  if  irritation  of  the  alimentary 
tract  were  the  predominant  factor,  the  two  drugs  that  increased 
60-min  food  intake  should  have  decreased  food  intake  over  a 
24-hr  period  and  subsequent  days  by  producing  added  irritation. 
Smith  et  al.  (1952b)  found  that  large  amounts  of  fluid  and  gas 
accumulated  in  the  alimentary  tract  in  rats  fed  by  stomach 
tubes  during  the  first  few  days  after  irradiation  with  7.2  Gy. 
They  concluded  that  feeding  subjects  even  predigested  diets 
was  distinctly  harmful  to  the  alimentary  tract  when  given  to 
irradiated  rats  on  days  1  to  3  postexposure. 

It  is  especially  interesting  that  ondansetron,  a  5HT3  receptor 
antagonist  that  was  generally  proved  to  be  extremely  efficacious 
and  potent  for  controlling  radiation-induced  emesis  and  nausea 
in  ferrets  and  humans  (Andrews  et  al,  1988;  Gralla,  1991; 
Priestman,  1991),  was  ineffective  in  attenuating  radiation- 
induced  decreases  in  food  intake  in  rats.  Although  rats  are 
devoid  of  an  emetic  reflex  (and  little  can  be  determined  about 
antiemetic  properties  from  this  study),  the  same  doses  of  on¬ 
dansetron  used  here  were  shown  to  be  effective  in  attenuating 
benzodiazepine  withdrawal -induced  anorexia  in  rats  (Goudie 
and  Leathley,  1990).  These  results  with  ondansetron  highlight 
the  need  for  examining  the  effects  of  all  three  classes  of  drugs 
used  here  on  more  than  one  type  of  behavior  (Cole,  1983)  and 
in  more  than  one  experimental  species  (e.g.,  rats,  ferrets,  cats, 
dogs,  monkeys  and  humans).  Furthermore,  the  present  study 
with  rats  clearly  indicates  that  postirradiation  treatment  with 
chlordiazepoxide  and  8-OH-DPAT  was  far  more  effective  in 
directly  increasing  food  intake  than  was  ondansetron.  In  gen¬ 
eral,  these  findings  may  be  relevant  for  therapeutic  situations 
in  which  treatment  for  radiation-induced  anorexia  remains  a 
clinical  problem  (Mattes  et  a/.,  1992;  Smith  et  a/.,  1984). 
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